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Abstract 
This thesis is concerned with the study of early transition metal olefin (co- 
)polymerisation catalysts, specifically titanium and vanadium derived complexes 
supported by benzimidazolyl derived ligands. 
Chapter 1 provides a brief survey of the most relevant developments in the field of 
olefin catalysts. The effects of the polymerisation conditions on the performance of 
olefin polymerisation catalysts will also be considered. 
Chapter 2 will focus on the synthesis of benzimidazolyl derived compounds, followed 
by the synthesis of the corresponding titanium complexes. As a result complexes 
bearing bidentate, tridentate and bis(bidentate) ligands were synthesised. Their 
behaviour in the solid state and in solution is discussed. All complexes were evaluated 
as pre-catalysts for olefin polymerisation. A range of polymerisation conditions are 
explored in order to determine their optimum catalytic performance. 
The synthesis of vanadium metal complexes containing a single bis(benzimidazolyl) 
ligand is described in Chapter 3. An evaluation of these complexes for ethylene 
polymerisation will be presented. Also included are the detailed mechanistic 
implications for olefin polymerisation by vanadium catalysts. 
The use of those vanadium complexes for ethylene co-polymerisation with various 
monomers is described in Chapter 4 and the main conclusions to the work will be 
presented. Experimental and characterisation data for the compounds synthesised will 
be included. 
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1.1 General Introduction 
Introduction 
Catalysis being at the core of 90% of current chemical processes and producing more 
than half of today's chemical products, it is clear that development of new catalysts is a 
key to future product development. ' The discovery half a century ago of a catalytic C-C 
bond formation assisted by a transition metal catalyst, which gave access to polyolefinic 
materials, triggered extensive industrial and academic interest. 2,3 With an increasing 
demand of polyolefinic materials and with wide-ranging applications, research into new 
catalysts remains an area of intense interest. 
This thesis is concerned with the discovery of new homogeneous early transition metal 
based catalysts containing benzimidazolyl derived ligands for the polymerisation and 
co-polymerisation of ethylene. The remainder of this chapter presents a brief review of 
the early discoveries and subsequent developments in the field of heterogeneous and 
homogeneous catalysts for olefin polymerisation. A particular emphasis is placed on 
titanium and vanadium derived systems as they are the most relevant to the discoveries 
discussed in this thesis. 
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1.2 Catalyst Performance 
One of the most important criteria for evaluating the performance of a catalyst is by 
calculating its activity. Activity is defined as the amount of product formed independent 
of the catalyst loading, monomer concentration and time (units of g/mmol. h. bar), which 
allows comparison of the performance of different catalyst systems. Due to the 
increasing number of very highly active catalysts for a-olefin polymerisation, in this 
thesis the activity scale has been modified from the previously reported one 4,5 and 
activities are classified as: very high (> 10,000), high (1,000-10,000), moderate (100- 
1,000) and low (< 100). However, this effective but simplistic variable does not provide 
information on several key factors which can dramatically affect the overall 
performance of a catalyst such as solvent, temperature, pressure and time. This, coupled 
with experimental errors, means that comparisons between the activity of different 
catalysts must be made with care. 
The chains that make up a polymer product usually come in a range of lengths, all of 
which have individual molecular weights. Hence numerical descriptions of molecular 
weights are averages. The most commonly used are number average (M,, ) and weight 
average (M, ). The ratio of the two [Mw/M,, or polydispersity index (PDI)] gives an 
indication of the state of non-uniformity in the molecular weight of the polymer chains. 
These descriptors give some idea as to the properties of the bulk product and key 
mechanistic aspects about the polymerisation can be retrieved from their analysis. 
-3- 
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1.3 Group 4 Metal Olefin Polymerisation Catalysts 
1.3.1 Titanium Heterogeneous Catalysts 
In the early 1950's, polyolefins were produced by a radical process which required 
extreme pressures (2000 - 3000 bar) and temperatures exceeding 100 'C. The resulting 
low density polyethylene (LDPE) polymer contained both long and short branches 
resulting in low melting temperature product (< 100 oC). 6 
At the Max Planck institute in 1953, K. Ziegler and E. Holzkamp, a student, were the 
first to discover a facile ethylene polymerisation reaction assisted by transition metals 
(Ti, Zr, V, Cr, Mo, Co, Ni) at atmospheric pressure. Further, in 1955 Ziegler and co- 
workers reported the polymerisation of ethylene to high molecular weight linear 
polyethylene by using a mixture of TiCl4and AICIEt2as a catalyst. 7,8 Shortly after this, 
Natta reported the stereospecific polymerisation of propylene to isotactic polypropylene, 
using TiC13/AlEt3 as a catalyst. 9 For this work Ziegler and Natta were awarded the 
Nobel Prize for chemistry in 1963. 
These catalysts, and subsequent derivatives, are known as Ziegler-Natta catalysts and as 
they are generally insoluble in organic solvents, are considered heterogeneous. The 
polymerisation reaction is believed to take place at the dislocations and edges of the 
TiC13 surface, with chain growth taking place by cis-insertion of a coordinated olefin 
into a Ti-alkyl bond (Scheme 
1.1). 10-12 
-4- 
Chapter I 
, sSj T'ý,, 
Cl ',, -Cl-Ti-Cl- 
cl 
/I 
cl 
Introduction 
I f%l AIR3 ; 
'1\1-1 
; -AICIR2 
- -Cl -11i --Cl 
153 T', 
ýp irv\, CI Ti-CH2 
1000,1 H ýt-R ci 
ci 
2 
-SSJ 
cl 
/I 
cl 
R--ýý CH2 
ý 
"'C' ýI 
-Cl -i -CH2 
cl 
/I 
-S-fi 
. SSJ 
cl /I 
cl 
C2H4 
R 
I- 
,C1 
CH2 
-Cl-l i-II 
cl*o, 
I CH2 
cl 
Scheme 1.1 - Polymerisation mechanism using Ziegler-Natta TiC14/AIR3 catalyst. 11 = vacant coordination 
Site. 
10- 12 
Although they are useful for model studies and kinetics, TiC14/AlClEt2 (first generation 
Ziegler-Natta catalysts) were of no commercial interest because of their low activity and 
tendency to decompose to inactive species. Indeed only 0.1 -1% of the titanium atoms 
were found to be active which made it necessary to remove significant catalyst residues 
from the polymer product. 
13,14 
In 1968, a major improvement came when it was discovered thatMgCl2and TiCl4could 
be co-crystallised. 15 This system, when treated with an aluminium alkyl (second 
generation Ziegler Natta catalysts), was found to have significantly greater number of 
active sites (up to 9 fold), which resulted in activities an order of magnitude higher that 
the unsupported first generation Ziegler-Natta catalysts. 
13,14,16-18 With these supported 
catalysts, chain growth takes place around the catalyst particles, which generates 
polymer particles that replicate the shape of the catalyst particle and allow easier 
-5- 
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processing on an industrial scale. 1 6,19 In this regard, heterogeneous catalysts have an 
advantage over homogeneous systems which generate ill-defined polymer material. 
While the mode, mechanism and structure of theseMgC12-supported heterogeneous 
catalysts is still a topic of current research, kinetic studies have revealed thatMgC12, 
which was originally introduced as a support, increases not only the number of active 
species, but also the rate of propagation. 13 This is believed to take place by the inductive 
effects Of MgC12 which modifies the electronic structure of the active Ti-C bond. 
13 
1.3.2 Well-defined Group 4 Homogeneous Catalysts 
1.3.2.1 Metallocene Systems 20-24 
In 1957, the first example of a well-defined homogeneous catalyst, CP2TiCI2/AIR3 (CP 
= cyclopentaclienyl), was reported by Natta and Breslow. 25-27 Although these early 
metallocenes were useful for mechanistic studies, they were much less active than their 
non-cyclopentadienyl counterparts. However in 1980, Sinn and Kaminsky 28 reported 
that using partially hydrolysed trimethylalumium [methylaluminoxane (MAO)] led to 
highly active and long lived metallocene catalysts, which revitalised interest in these 
systems. Only then and with subsequent developments 
20-24 
, could well-defined catalysts 
become a plausible altemative to Ziegler-Natta systems. 
Although the precise nature of MAO has not been elucidated, it is believed to be a 
mixture of linear, cyclic and three-dimensional cage structures of (MeAIO),, units 
29-32 
possibly containing small amounts of coordinated TMA . Indeed, commercial 
sources of MAO contain 20-30 % of excess TMA. 
31,33 
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Although, heterogeneous Ziegler-Natta based catalysts, along with the silica- supported 
chromium systems (Philips catalyst), are still used to produce the majority of the 
polyolefins used today, they have noteworthy limitations. Indeed, due to the non- 
uniformity of the active sites with the Ti/Mg structure, heterogeneous Ziegler-Natta 
catalysts produce polymer with broad molecular weight distributions. Furthermore, their 
insolubility limits access to structural information. 34 In contrast, homogeneous 
metallocene catalysts comprise a well-defined single-site active species which offers 
control over molecular weight and molecular weight distribution. Furthermore, their 
solubility also allows the observation of active species in solution, hence logical 
deductions on the catalyst structure-polymer properties relationship can be made. 
The field of olefin polymerisation by homogeneous catalysts has now progressed well 
beyond these early discoveries, with extensions to metals across the transition series and 
the effects of a wide array of ligands have also been studied. 
4,5,35,36 The following 
sections will describe the fundamental mechanistic aspects of olefin polymerisation and 
highlight some key Group 4 and Group 5 metal catalyst advances in this area. 
1.3.2.1.1 Mechanistic Aspects of Ethylene Polymerisation 
In order to generate a species capable of growing a polymer chain, MAO is believed to 
irreversibly methylate the dihalo or dialkyl pre-catalyst, and then abstract the alkyl 
ligand to give a cationic metal alkyl species (Scheme 1-2) which is believed to be 
responsible for the observed activities. 
21,31,37-40 The inactive, neutral and active cationic 
species are believed to be in equilibrium, hence an excess of MAO (> 1000 equiv. ) is 
typically used to shift the equilibrium towards the cationic species. 
-7- 
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Scheme 1.2 - Proposed fon-nation of the cationic metal alkyl active species. 
Alternative reagents for abstracting alkyl groups such as Lewis or Bronsted acids 
containing non-coordinating perfluorinated triaryl boranes B(C6F5)3 or tetraaryl borates 
41-46 [B(C6F5)41-[A]+ (A = CPh3, NR3H, (Et20)2H) have also been developed . 
The polymerisation reaction is only possible if the catalyst anion does not coordinate 47 
to the transition metal centre; this allows coordination of the monomer molecule at the 
vacant site (site A, Scheme 1.3). Propagation takes place via migration of the alkyl 
group to the closest ethylene carbon with a cis addition to the ethylene double bond. 
The following monomer molecule coordinates to the site previously occupied by the 
chain (site B). This process of site switching contrasts with the mechanism proposed for 
propagation using heterogeneous Ti catalysts where the growing polymer chain needs to 
swing back to its initial position in order to allow subsequent monomer 
coordination. 
10,48-50 The presence of a vacant site on the electron-deficient metal centre 
is also believed to result in a variety of agostic interactions, which can stabilise the 
species formed during the catalytic cycle. 
51 
HH Site B 
i>-p /, ý- ppL ozýl 
LnM LnM,, Lp LnM, nMp n M\ 
Site A 
Scheme 1.3 -Mechanism of chain propagation and site switching 
in olefin polymerisation catalysts. 
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The propagation step competes with a variety of termination reactions (Scheme 1.4), 
which result in the release of the polymer chain and regeneration of a new active 
species. It is the relative ratio between the rates of Propagation and termination that 
determine the molecular weight and PDI of the resulting polymer. If only one 
termination reaction takes place during the polymerisation, the PDI is expected to be 
around 2, while any additional termination reactions will lead to an increase in the PD1. 
In ethylene polymerisation, two distinct types of P-hydrogen transfer tennination 
reactions can take place; P-hydrogen transfer to the monomer and P-hydrogen transfer 
to the metal. These mechanisms differ in their rate determining stepS52 but in both cases 
the resulting polymer is expected to contain one vinyl end-group. When the rate limiting 
step is P-hydrogen transfer to the monomer, the rate of termination is dependent upon 
the concentration of monomer in solution (I't order dependence). Since the rate of 
propagation is also I" order in monomer concentration, the molecular weight of the 
polymer is independent of monomer concentration. Alternatively, when P-hydrogen 
transfer to metal is rate limiting, the rate of termination is independent of the monomer 
concentration (zero order dependence), and the molecular weight is expected to increase 
with increasing monomer concentration. However, after P-hydrogen transfer to the 
metal, it is believed that monomer coordination is necessary in order to displace the 
coordinated olefinic polymer chain. 
51,53,54 
Chain transfer can also occur by a transmetallation reaction to aluminium, typically with 
the trimethylaluminium (TMA) present in MAO . 
55-59 However, this transmetallation 
reaction has also been observed for transfer agents such as 
diethyl zinc. 60 In industry, 
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hydrogen is often used as a transfer agent which allows a convenient method of 
controlling the molecular weight of the polymer. These transfer reactions are zero order 
in monomer concentration, hence the molecular weight increases with monomer 
concentration. In contrast to P-hydrogen transfer reactions, chain transfer gives, after 
hydrolysis, polymers with saturated end-groups. Finally, the less common a-bond 
metathesis termination reaction can also take place between a M-C and a C-H 
40,61,62 bond. This reaction is expected to be first order with regard to monomer 
concentration; hence the polymer molecular weight is independent of the monomer 
concentration. The resulting polymer * has saturated and unsaturated end-groups. 
pp 
P-Hydrogen transfer 
LnM --H -LnM H LnM \--j 
H LnW-ý 
to monomer 
pp 
LnM ---- H 
G) 
pS 
P-Hydrogen transfer 
LnM 
P LnM, LnM-H L, M 
to metal H Zýý -I 
p 
p 
M'Rm 
fMI 
L (D [Chain transfej LnM, 
R' 
R(m-, ) -7 nM, R 
+ M'= Al, Zn 
R(m-, ) Ml_-_p 
HpR= Alkyl 
p 
ED 
LnM.. 
,H -7 
LnM 
CIIH 
"ýý p CH2 
cy-bond metathesis 
Scheme 1.4 - Common chain termination pathways taking place 
during ethylene polymerisation. 
If no termination reactions take place during polymerisation, the system 
is considered to 
be 'living' with PDI approaching unity. The main interest in these systems is their 
ability to form block co-polymers. 
63 
* With the exception of the first polymer chain formed which has saturated end groups. 
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1.3.2.1.2 Influencing the Performance of Metallocene Catalysts 
Zirconocenes, being more active than the corresponding titanocenes and hafhocenes, 
64 have been extensively studied. In a study by Alt and co-workers , trends were 
identified between the cyclopentadienyl substituents, catalyst activities and polymer 
molecular weights (representative examples are shown in Fig. 1.1). An increase in 
activity was observed when increasing the steric bulk around the metal and more 
importantly close to the growing chain and/or vacant site. This bulk is believed to 
restrict access of the co-catalyst to the metal centre, and allow unrestricted monomer 
coordination. Furthermore, the increased steric bulk also increases the molecular weight 
of the polymer by significantly affecting the rate of termination reactions (P-hydrogen- 
and chain transfer reactions). This effect has also been confirmed by theoretical 
studies. 53 , 54 Control of the steric environment of ansa-zirconocenes has also allowed the 
use of these catalysts for the stereospecific polymerisation of propylene, 22 a subject that 
will not be covered in any detail here. 
Cl ZI-Cl 
Zr 
Ciri "'Cl 
64 11 64 
Activity' 13,600 260,000 
mw b 290 440 
Fig. 1.1 - Zirconocene catalysts I and 11 
for ethylene polymerisation. Polymerisation conditions: 10 bar 
ethylene, 60 'C, MAO. 'Activity in g/mmol. h. bar. 
bMolecular weight in kg/mol. 
Although recent years have seen significant advances in the qualitative understanding of 
the ligand donor groups and their substituents, accurate predictions of activities for new 
catalysts still cannot be made because of the subtle 
interconnection of many parameters. 
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1.3.2.2 Non-metallocene Titanium Metal Catalysts 
1.3.2.2.1 Systems Supported by Bidentate ligands 
Complexes bearing bidentate dianionic ligands have proved successful. For instance, 
the constrained geometry catalysts (CGC) bearing a tethered cyclopentadienyl moiety 
and an amido donor were found to have very high activities and very good thermal 
stability. 65 CGCs with a silicon bridge (Fig. 1.2) were found to be very active for co- 
polymerisations and have been applied industrially. 
66-71 
R 
si Ti, 1 ICI 
N 'cl 
Fig. 1.2 - Constrained geometry catalysts. 66-71 
Alkyl bridged diamido catalysts III have been reported by McConville and co- 
workers . 
72 Complex III (Fig. 1.3) has very high activity for higher cc-olefin homo- 
polymerisations when activated with MAO (350,000 g of poly(I-hexene)/mmol. h over 
30 s at 68 'C). Termination was found to take place exclusively by chain transfer to 
TMA, hence when IV is activated in the absence of TMA using B(C6F5)3, the 
polymerisation takes place in a living fashion. 72 This discovery initiated a wider study 
of bidentate diamido systems. Although limited success was obtained, moderate 
activities were discovered when using the more rigid ligand in V73,74 and Patton and co- 
workers have reported high activities when using VI 75 (Fig. 1.3). In general it was found 
that the activity of diamido systems shows a remarkable dependence upon the nature of 
the co-catalyst as well as the solvent. Indeed 111-V have lower activities in the presence 
of toluene instead of hydrocarbon, as it is believed to compete with monomer for the 
vacant coordination site. Broad molecular weights distributions are obtained when using 
- 12- 
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VI, which is attributed to the formation of multiple active sites upon activation. The 
non-living behaviour of VII/B(C6F5)3 is somewhat surprising, indeed its remarkable 
steric bulk is unable to prevent various termination reactions from taking place (Fig. 
76 1.3) 
. However, the absence of substituents in the aryl ortho position may be 
accountable for its non-living behaviour. 
Pr 'Pr 
Ti 
'Pr XX 'Pr 
RR 
Ti 
cIcIR= 
SitBuMe2 
III" X=Cl 
iv72 X=Me 
Me2N 
\/ 
NMe2 
B-B 
'Pr Pr 
Ti 
Pr Cl 
/\ 
cl Pr 
R 
R=2,4,6-'PrPh 
vi 75 Vil 76 
Fig. 1.3 - Group 4 diamido complexes III-VII. 
R 
Gibson and co-workers reported complex VIII (Fig. 1.4), bearing a bidentate 
phenoxyamide ligand, to have high activities (12,800 g/mmol. 
h. bar) for ethylene 
polymerisation using MAO as the co-catalyst. VIII/MAO was 
found to be more active 
than the corresponding 2,6-dibromo or dimethyl analogues. 
77 
v73,74 
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tBu 
Vill 77 
Fig. 1.4 - Bisamido titanium complexes Vill. 
Group 4 metal complexes bearing bidentate dianionic oxygen donors have been used for 
olefin polymerisation. The bis phenoxide supported complex IX gives moderate 
activities for ethylene horno-polymerisation (Fig. 1.5). 
78-80 
tBu 
Et 
Et 
0 
\/x 
)n=1,2 Ti 
\ 
ý-o 
tBu 
IX18-80 
X= Cl, Bn 
Fig. 1.5 - Bisphenoxide titanium complexes IX 
Only a limited number of complexes bearing bidentate monoanionic ligands have been 
found to be active for ethylene polymerisation. 
4'5 However, by using combinatorial 
techniques, researchers at Symyx reported a remarkable activity for the stereospecific 
polymerisation of propylene using X 
81 and XI 82 when treated with TMA/boron co- 
catalysts (7,600 g/mmol. h. bar and 36,000 g/mmol. h. bar respectively). 
However, 
activities were only evaluated over few minutes (4 and 3 min respectively) 
(Fig. 1.6). 
Nevertheless, the analysis of the product of the reaction between X/TMA revealed 
cl cl 
-N 
TiC12(Me2NH)2 
"-0 
'Bu 
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metallation of the naphthyl ring at the 9 position, similarly partial metallation of XI was 
observed upon reaction with TMA. This indicates that these ligands are likely to be 
dianionic and tridentate during polymerisation. 
N 
, NMe2 N-Hf'NMe2 
I 
NMe2 
X81 xi 82 
Fig. 1.6 - Reported complexes X and XI 
1.3.2.2.2 Systems Supported by Bisbidentate Ligands 
A variety of highly active complexes bearing two identical monoanionic bidentate 
ligands have been reported. Group 4 bis(benzamidinate) complexes XII have been 
reported for ethylene polymerisation. Both titanium and zirconium complexes show 
moderate to low activities (120 and 68 g/mmol. h. bar at 25 'C). 
83-85 
Ph 
R, 1, N N-R 
CI-M--GCI 
Rm-N N-11R y 
Ph R Pr, SiMe3 
yai83-85 
Fig. 1.7 - Group 4 metal bis(benzamidinate) complexes X11. 
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Researchers at Mitsui Chemicals have reported Group 4 metal catalysts based on imino- 
pyrrolide ligands. 86,87 The titanium complex XIII was generally found to be more active 
than the corresponding zirconium and hafnium complexes. Activities of 14,000 
g/mmol. h. bar were obtained when the imine substituent R is cyclohexyl. Complex XIV, 
a variant of XIII with a six-membered chelate, was developed by Matsugi and co- 
workers. 88 However, they were less active (1140 g/mmol. h. bar) than the Mitsui catalysts 
with five membered chelate rings. 
R 
I 
N 
Ti 
N 'Cl 
2R= CA, 
x11186,87 
R 
I 
N 
cl 
Ti 
2R= C6F5 
XIVII 
Fig. 1.8 - Imino-pyrrolide titanium complexes XIII and XIV. 
Complexes bearing phenoxy-imine ligands are among the most successful Group 4 non- 
metallocene catalysts developed to date. The facile access to a wide variety of pro- 
ligands, allows the electronic and steric properties at the metal centre to be readily tuned 
(Fig. 1.9). 89-93 For instance titanium catalysts containing aromatic fluoro-aryl 
substituents give catalysts displaying living characteristics. 
89,90,93,94 
R 
R' 
R" 
1 
N 
ci 
Ti, 
/2 R= Ph, C6F5,2,4,6-C6F3H2 
R'= Me, tBu, Ph, SiMe3 
R" = H, Me, tBu 
xv 89-94 
Fig. 1.9 - Phenoxy-imine titanium complexes XV. 
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Their versatility has allowed their application in a range of homo- and co- 
polymerisation reactions; 
4,95-102 details of the scope of phenoxy-imine based catalysts 
can be found in recent reviews. 
35,94,103-105 
Recently, Gibson and co-workers 106 reported phenoxy-based complexes where the 
imine moiety is replaced by phosphorus (XVI) (Fig. 1.10). Although the zirconium 
catalysts showed one of the highest activities (26,700 g/mmol. h. bar) reported for 
zirconium based catalysts, the titanium and hafnium equivalent only showed moderate 
activities. These complexes are also active for propylene homopolymerisation. 
R2 
cl 
"Cl 
0 
R' 2R =Ph, Pr 
R'= H, Ph, Bu 
xvi 106 
Fig. 1.10 - Group 4 metal bis(phosphanylphenoxy) complexes XVI. 
1.3.2.2.3 Systems Supported by Tridentate Ligands 
Schrock and co-workers investigated the synthesis of complexes with chelating diamido 
ligands with an additional neutral donor. 
107-113 The zirconium complexes XVII and 
XVIII (Fig. 1.11) were found to be less active than IV for 1 -hexene polymerisation 
108,110,112-114 
when activated with either [B(C6F5)41[CPh3l or [B(C6F5)41[PhNHMe2l . 
However XVIII/[B(C6F5)41[PhNHMe2l (M = Zr) was found to polymerise 1 -hexene in a 
living fashion. 
108,110,112,113 The titanium variant of XVII and XVIII were found to be 
poorly active. Upon changing the central oxygen donor to sulfur (XIX), the activity 
decreased further. 115 
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'Pr 'Pr 
NN 
M 
i Pr Me 
/\ 
Me Pr 
Ti, Zr 
D 
Introduction 
tB u, 
NIN **- tBu 
M 
Me 
/ 
Me M= Ti, Zr 
xv11114 XV111111,110,112,113 D=O 
XIX, 15 D=S 
Fig. 1.11 - Group 4 diamido complexes XVII-XIX. 
The above results contrast with a report by van der Linden and co-workers who found 
that a bisaryloxide complex bearing an additional neutral donor (XX Fig. 1.12) has a 
higher activity for ethylene polymerisation than the corresponding bidentate complex 
IX (Fig. 1.5). 78 
Me . 
tBu 
s -- --- Ti / \ 
Me Bu X= Cl, Bn 
xx 78 
Fig. 1.12 - Bisphenoxy titanium complexes XX 
Phenoxyamide (XXI) as well as phenoxyamine (XXII) titanium based complexes 
bearing an additional pendant group have been reported by Gibson and co-workers 116 
and Hu and co-workers, 117 respectively. Significantly XXI/MAO gave activities as high 
as 19,500 g/mmol. h. bar (over 30 min) when using a soft phosphorus pendant group, 
XXII/MMAO also gave very high activities (10,800 g/mmol. h. bar over 5 min). 
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tBu 
C7 
0,,,; 
I"Bn 
Bn 
tBu 
tBu 
N OPh iý 
bKi 
DN N- 
N 
N SPh N PPh2 
xxil 16 
Introduction 
Q 
NH 
\ 
PPh2 
Ti 
-0 Cl Cl 
tBu 
xxill 17 
Fig. 1.13 - Phenoxyamide and phenoxyarnine titanium complexes XXIAXIL 
1.3.2.2.4 Systems Supported by Tetradentate Ligands 
A range of complexes bearing tetradentate ligands have been developed in order to 
rigidify and hence control the steric environment around the metal. The tetradentate 
bis(phenoxy) bis(imino) "salen" complexes XXIII afforded only low activities (< 70 
g/mmol. h) for ethylene polymerisation. 1 18,1 19 Bis(phenoxy) bis(amino) complexes 
XXIV have been extensively studied for isospecific propylene 
120-123 
and 1 -hexene 
124,125 
polymerisations. For instance, when electron-withdrawing phenoxy substituents are 
introduced (R, R' = Cl and R" = Me), the zirconium XXIV/B(C6F5)3 catalyst gave high 
activities for the polymerisation of 1 -hexene (5,400 g/mmol. h). Although the titanium 
analogue gave a lower activity (200 g/mmol. h), much higher molecular weight and 
stereocontrol was obtained. 
The bis(phenoxy)amine complexes XXV bearing an additional pendant donor were 
reported by Kol and co-workers, 
126-128 
and activities of 50,000 g/mmol. h were observed 
for I -hexene polymerisation with the zirconium complex bearing a methoxy pendant 
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group. Titanium analogues (D = OMe, NMe2) polymerised 1-hexene in a living fashion 
with low activities (< 30 g/mmol. h). 129,130 Jordan and co-workers 13 1 reported 
dibenzotetraa, zaannulene complexes XXVI; activities of 550 g/mmol. h. bar were 
obtained for ethylene polymerisation upon treatment with [B(C6F5)41[PhNHMe2l. 
NN R' 
o, M, O 
xxR 
R" R" 
R' NN 
0- mlo 
Bn Bn 
X= Cl, Bn 
xyjii 118,119 
RR 
o_--mlo 
R 
Bn Bn 
xxv126-128 
xxiv, 20-125 
Bn Bn 
\\Izr N vol NN 
xxvilli 
Fig. 1.14 - Group 4 complexes bearing tetradentate ligands. 
1.4 Vanadium Based Olefin Polymerisation Catalysts 
As part of a systematic study into metal-halide assisted olefin polymerisation, shortly 
after the initial discovery of titanium-based Ziegler-Natta catalysts, vanadium based 
catalysts were discovered. 
132-135 However, although there have been developments since 
then, the overall number of academic and industrial reports concerning vanadium based 
olefin polymerisation catalysts has stayed well below the number for titanium and 
zirconium (Fig. 1.15). 
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Fig. 1.15 - Representative number of publications concerning Ti, Zr, and V based catalysts for olefin 
polymerisation from 1953 to 2006*. 
In contrast to their Group 4 analogues, simple vanadium halides when treated with an 
aluminium alkyl co-catalyst are soluble in organic solvents and are hence homogeneous 
catalysts. Therefore, we make a distinction between these simple vanadium Ziegler- 
Natta catalysts, and those containing more complex spectator ligands. The following 
sections describe development and understanding for both classes. 
1.4.1 Vanadium Ziegler-Natta Catalysts 
Important differences exist between vanadium and titanium based Ziegler-Natta 
catalysts. Most importantly vanadium Ziegler-Natta catalysts are single site and give 
polymer with narrow molecular weights distributions (PDI <3). 28 In addition, they are 
n'k 
136- 
able to polymerise propylene in a living fashion and generate syndiotactic polymers. 
138 A final point of interest is their aptitude for incorporating co-monomers efficiently 
and in a random fashion; this has allowed their commercial application for the synthesis 
of EPDM (ethylene-propylene-diene monomers) terpolymers. 139 Similarly to second 
* Scifinder search 
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generation Ziegler-Natta catalysts, supporting vanadium ontoMgCl2results in increased 
activity, although their overall performance remains significantly lower than their 
titanium relative. 
140 
1.4.1.1 Mechanistic Aspects 
Vanadium complexes are typically paramagnetic, even complexes with an even number 
of electrons tend to have multiple unpaired electrons. Hence, only V(V) do complexes 
can be routinely studied using NMR spectroscopy. Furthermore, V-C bonds are 
intrinsically unstable, which can lead to reduction of the metal centre. This is believed 
to be the reason for the lower activities observed for vanadium based catalysts. As a 
result the precise nature of the active species has remained elusive. 
Vanadium has an extensive redox chemistry, with oxidation states ranging from -1 to 
+V. 14 1 The oxidation state of the pre-catalyst is not indicative of the oxidation state of 
the active catalyst, as pre-catalysts with oxidation states of +111 to +V have been found 
to give the same catalytic activities and polymer properties. 142 Although more than one 
oxidation state may be present in the mixture, and active species with oxidation states 
from +11 to +V have been proposed. 
143-158 It is now generally accepted that V(111) 
148-158 
is the most likely species responsible for chain growth. 
Unlike titanium Ziegler-Natta catalysts where the aluminium reacts at the surface of the 
titanium crystals, here the vanadium centre is thought to be surrounded by aluminium 
alkyl molecules. A theoretical study by Zambelli and co-workers 159 proposed that the 
active species was five coordinate with four chlorines atoms being bridged to two 
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aluminium dialkyl units (Fig. 1.16). Considering a standard Cossee-Arlman mechanism, 
this structure was found to have an insertion barrier 14.7 kcal/mol lower than 
corresponding three and four coordinate vanadium centres (Fig. 1.17). It should be 
noted that the calculations did not take into account the effect of the solvent or the 
possibility of more than one unit of monomer being coordinated. 
cl/", v Oci -p p c1 VIP" 1 
cl 
1 
ci 
CI\1%ý; 
vIlý 
p1 ci CI-.. W 
1 
Al *" Al, 
Fig. 1.16 - Proposed structures for the active vanadium species in VX,, /Me, "AIC13-,,, - 0= vacant 
coordination site, P= Polymer chain. 159 
40 
30 
20 
10 
0 
- 10 
-20 
-30 
Three coordinate 
--- Four coordinate 
Five coordinate 
Fig. 1.17 - Energy profiles for ethylene binding and insertion depending upon the number of coordination 
number of vanadium. 159 
1.4.1.1.1 Deactivation and Reactivation 
Ziegler-Natta vanadium based catalysts give high initial activity, followed by rapid 
deactivation, and poor overall productivity. A titrimetic study by Deffieux and co- 
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workers 157 usingVC13/AIC13/AIR3 at high temperatures, suggests that the decreased 
activity is directly proportional to the reduction of V(111) into V(11) species (Fig. 1.18). 
Using the same method, VC14 and VOX3 (X = O'Bu or Cl) when activated with 
dialkylalurninium chloride were also found to undergo rapid reduction to a V(11) species 
at lower temperatures. 
142 
, 
155 It is worth mentioning thatVC14 andVOC13 activated by 
diethylaluminiurn chloride (DEAC) and supported onMgC12(THF)2 are much more 
stable than the equivalent unsupported catalyst. 154 
100 
90 
80 
70 
60 
50 
40 
30 
20 
'10 
04 
0 
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90 
80 
70 
60 
50, 
40-7 
30 
20 
10 
II i--- -1 0 to 20 3b 4b 50 R) 
I ii-ne (s) 
Fig. 1.18 - Percentage of observed activity and V(111) over time. 
157 
The nature of the co-catalyst and its ratio to vanadium also greatly influences the rate of 
reduction. 
154,157 
The loss in activity caused by deactivation can be overcome by re-oxidising the inactive 
V(11) species back to V(111) by addition of so-called 'reactivators'. Indeed even in the 
1960s, it was found that inactive vanadium(II) could be reactivated in the presence of 
perhalogenated compounds such as those in Fig. 
1.19.142,152,157,160-164 
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,, -,, 
CC13 00 
CnR(2n+2)-mCim I 
C13C 
)ý, 
CC13 C13C OR 
Fig. 1.19 - Perhalogenated compounds used as reactivators. 
142,152,157,160-164 
Although many halogenated compounds can reactivate vanadium systems, their 
performance is dependent upon the polymerisation conditions. For instance, at moderate 
temperatures (< 100 'C), chlorinated esters are very efficient. However, at higher 
temperatures the ester functionality can readily react with the co-catalyst which limits 
their effectiveness as reactivators. 
165,166 In contrast, simple chlorinated alkanes are found 
to be relatively poor reactivators at moderate temperatures. Their efficiency 
significantly increases at higher temperatures (> 100 'C), however. 167 
The reactivation step is believed to correspond to the transfer of a halogen to the 
vanadium (11) dormant species, thus forming a V(111) species (Fig. 1.20). 142 Subsequent 
alkylation by the aluminium co-catalyst regenerates the active species into which 
ethylene can insert. The halogen transfer process, is believed to involve homoleptic 
cleavage of the reactivator CA bond, and coupling of the radical alkyls. 168 Considering 
this mechanism, the bond strength of the reactivator C-X bond should dictate its 
performance as a reactivator. 
2 VOOC12 +2 R-Cl 2 V(111)C13' 
X2AIR' 
o- 2 V(111)Cl2R' 
R-R 
Fig. 1.20 - Reactivation mechanism. 
142 
An alternative mechanism was proposed by Cann 140 , where the reactivator would 
regulate the degree of alkylation of the active species, resulting in an active species less 
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prone to deactivation. However a study by Cooper, showed that VC12(PY)4 can be 
oxidised using halogenated compounds in the absence of any aluminium compounds. 168 
Combining all mechanistic aspects, a simplified mechanism for polymerisation using 
vanadium catalysts has been proposed by Christman (Fig. 1.21). 
142,167,169 The 
termination reaction and reactivation mechanisms are still not fully understood. 
V(n) Xm 
R2AICIJ 
AI-R 
VC13 
R 
R'-Gl 
I I)C 
12 R 
cl, V 
(II)CI, 
Fig. 1.21 - Simplified mechanism for polymerisation using vanadium catalysts. 
142,167,169 
1.4.2 Ligand Supported Vanadium Catalysts 
The main limiting factor in vanadium based catalysis is rapid deactivation via reduction 
of the active vanadium(III) species during the polymerisation, which can be linked to 
the instability of the V-C bond. Hence, introducing different ligands may affect the 
overall stability of the V-C bond and result in higher activities. The following section 
will only consider the most relevant and active catalysts for olefin polymerisation. Other 
systems can be found in recent review articles. 
4,5,169,170 
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Introduction 
Development in the field of vanadium based catalysis has in many respects mirrored 
developments for the Group 4 metals. Hence, it is not surprising that in 1961 Carrick 
and co-workers 171 reported the use of the vanadocene dichloride for olefin 
polymerisation. However only low activities were obtained when activated with MAO; 
this was later confirmed by Choukroun and co-workers who demonstrated that the 
cationic species [CpVMe]+ is not active for ethylene polymerisation under a range of 
conditions. 
172 Wang and co-workers 
173 
performed ESR studies on vanadocene 
dichloride treated with AlEt3 or A12Et3CI3. The reaction with AlEt3 gave an inactive 
complex for ethylene polymerisation, which is believed to be the result of 
decomposition due to the strong reducing capability of AlEt3. However, when reacted 
A12Et3CI3, the system was found to be active for ethylene polyrnerisation, and the ESR 
analysis showed the formation of the ethyl, chloro-bridged species. When the reaction 
was carried out over 2 weeks, the formation of an inactive dichloro-bridge species was 
observed. 
173,174 
M AO 
v,, \ Me 
I 
Inactive 
ýOcl 
Al Et3 
Inactive 
nAIC13-n 
K 
CI-V,, \Et/'Al'\X * civ, "X 
rl 
IN- Cl-V`ýC11"AQX civ, '*x 
I 
Active 
I 
Inactive 
Scheme 1.5 - Reactions of aluminium compounds with 
CP2VC12.171-174 X= Et or Cl. 
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The half-sandwich vanadium complex XXVII was synthesised by Witte and co-workers 
(Fig. 1.22) who compared its activity for ethylene polymerisation to the isostrucural 
Ti(IV) complex using MAO as a co-catalyst. Under identical conditions, the vanadium 
catalyst produces lower molecular weight polymer with an activity half that of the 
titanium catalyst. 
175 
C111--v , V--''Cl 
c. ý; 
ý /N N ýCj cl 
i/ Pr tBu 
xxvil 175 xxvill 176 
Fig. 1.22 - Reported vanadium complex XXVII 
and XXVIII 
The Cp-imido vanadium complex XXVIII (Fig. 1.22) was studied by Gibson and co- 
workers 176 but only low activities were obtained when activated with MAO or DEAC 
(27 and 15 g/mmol. h. bar, respectively). The productivity significantly decreased after 
only a few minutes, which may be indicative of deactivation by reduction. 
1.4.2.2 Nitrogen Based Ligands 
In the mid-to-late 1990s, two breakthroughs in the field of a-olefin polymerisation using 
late transition metals were made. In 1995 Brookhart and co-workers 177 reported the 
synthesis of highly active ethylene polymerisation catalysts based on a-dimine nickel 
and palladium complexes. An additional breakthrough in the late transition metal 
chemistry was made in 1998, when Gibson and Brookhart independently reported 
highly active ethylene polymerisation catalysts based on iron and cobalt complexes 
supported by bis(imino)pyridine ligands. 
178,179 The versatility of these ligands led to 
intense interest in transition metals supported by a-diimine and bis(imino)pyridine 
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ligands for a range of applications. 
4,5,180 Hence, Grassi and co-workers 
181 
synthesised 
the cc-diimine vanadium analogue XXIX (Fig. 1.23). However, only low activities (< 60 
g/mmol. h. bar) were observed for ethylene polymerisation when activated with AlEt2Cl- 
R R' R' R 
N 
R CI/Vl\CI R ci 
xxix 181 
Fig. 1.23 - a-diimine vanadium complex. 
In 1999, the vanadium bis(imino)pyridyl polymerisation catalyst XXXIII/MAO (Fig. 
1.24) was reported by Gambarotta and co-workers. 182 A study on the effect of ligand 
substituents was subsequently reported by Schmidt and co-workers. 
183-185 It was found 
that increasing the steric bulk around the metal centre transformed oligomerisation 
catalysts into polymerisation catalysts. Tuning of both the steric and electronic 
properties of the aryl substituent (Fig. 1.24) resulted in highly active ethylene 
oligornerisation catalysts. When activated with DEAC, XXXIII showed a decreased 
activity number. 181 No reactivator was employed in these studies. 
Y, "N Y 
cl 
VC 
R CýýCl R 
No. R R' X Activity' Wt% liq. 
XXX H H H 223 25.3 
XXXI Me H H 1,710 98.3 
XXXII Me Me H 1,540 9.8 
xxxill 'Pr 'Pr H 248 14.3 
XXXIV Me H Cl 3,360 98.1 
a 
g/mmol. h. bar. 
Fig. 1.24 - Bis(imino)pyridyl vanadium 
complexes XXX-XXXIV. 
184* 
* Not all ligand variations are presented. 
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Both the a-diimine and bis(imino)pyridyl ligands are non-innocent under 
polymerisation conditions as the imine and/or pyridine functionality were found to react 
with the co-catalyst. 
181,182 
Gambarrotta and co-workers have investigated amido vandiurn complexes XXXV and 
XXXVI. 170,186,187 The simple diamide complex XXXV (Fig. 1.25) is able to catalyse 
ethylene polymerisation when activated with a variety of alurninium compounds; an 
optimum activity of 265 g/mmol. h. bar was achieved using Et3Al2CI3. Addition of 
reactivator and co-catalyst was necessary to extend the lifetime of the catalyst. 
, 
lPr 
'Pr-N\ 
\\Cl 'Pr-N lXv, cl 
Pr 
XXXV186 
Fig. 1.25 - Diamide Vanadium complex 
Xxxv. 
Activities of only 32 g/mmol. h. bar were obtained using XXXVI (Fig. 1.26) under 
optimum conditions (DMAC, 50 oC). 
187 When XXXVI was treated with TMA, DMAC 
or MAO in the absence of ethylene a red solution was fonned in each case, which when 
left standing for a few days, yielded green crystals of the vanadium(II) complex 
XXXV111. It was thus proposed that the active species was the vanadium(III) complex 
XXXV11 which eliminated methane and ethane to give XXXV111. It is worthy of note 
that XXXVI/TMA was found to be 20 times less active than XXXVI/DMAC. 
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Fig. 1.26 - Proposed mechanism of formation of XXXVIII. 
187 Si, "ýý SiM03- 
Grassi and co-workers 188 extended the number of amido vanadium complexes by 
synthesising XXXIX and XL (Fig. 1.27). However, no major improvement in activities 
were observed upon activation with Et3Al2CI3 (54 and 231 g/mmol. h. bar, respectively, 
at 30 'C). 
Me2 
S"NP 
ý 
ý, 
Cl 
VNII 
cl 
Si -- N 
Me2 
Me3Si'-NP 
ý 
"Cl 
cl 
Me3Si---N 6 
xxxix XL 
Fig. 1.27 - Amido vanadium pre-catalysts XXXIX and XL. '88 
A series of vanadium imido complexes has been synthesised and tested for ethylene 
polymerisation (Fig. 1.28). 189,190 In all the cases activities for XILIALIII were found to 
be low (< 30 g/mmol. h. bar) when activated with MAO. Slightly higher activities (60 
g/mmol. h. bar) were obtained for XLI/EtAIC12. No reactivator was used for these 
polymerisations. 
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Fig. 1.28 - Imido vanadium complexes XLI-XLIII. 
1.4.2.3 Oxygen Based Ligands 
Introduction 
Gambarotta and co-workers 
170,191 
reported the effects on the polymerisation behaviour 
of a variety of (diketonate)3 vanadium complexes XLIV (Fig. 1.29) using Et2AICI or 
Et3Al2CI3 as the co-catalyst. Ligand modifications, as well as the chlorine content were 
found to have little impact on the catalyst performance suggesting that ligand 
abstraction could be taking place. Furthermore an inactive vanadium(II) species 
(acaC)3Al2VC15was identified, which is believed to be responsible for the poor life time, 
and thus the low activity of these catalysts. 
R tBu 
RR 
0 VC13-n (THF)3-n 
v tBu 
n 
XLIV'91 XLV 192 
Fig. 1.29 - Diketonate and aryloxide vanadium complexes XLIV and XLV. 
Gambarotta and co-workers 
170,192 have also reported vanadium complexes XLV bearing 
a number of bulky monodentate aryloxide ligands (Fig. 1.29). Only the bis-aryloxide 
vanadium complex was active, suggesting that ligand abstraction is less prevalent. 
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Redshaw and co-workers 193,194 studied an extensive family of vanadium complexes 
supported by phenolate and calixarene ligands (examples in Fig. 1.30). These catalysts 
showed low activities when activated with MAO. However, when activated with 
DMAC and in the presence of a reactivator (2500 equiv. ethyltrichloroacetate (ETAQ 
activities as high as 157,000 g/mmol. h. bar (over 15 minutes at 80 'C) have been 
observed. In the absence of reactivator activities were more than an order of magnitude 
lower. Catalysts XLVIII/DMAC and XLIX/DMAC were found to give reduced activity 
at temperatures higher than 45 'C. 
Bu 
tBu 
00 
V=O 
n PrO 
/ \on 
Pr 
O=V 
00 
XLVI 193 , 
194 
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1-110 
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tBu 
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Bu 
tBu tBu 
/0 
o', 
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00 
,, 
0N 01--l 
R, o 
yLIX194 
Fig. 1.30 - Phenolate and Calixarene vanadium complexes XLVIALIX. 
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1.4.2.4 Mixed Nitrogen-Oxygen Based Ligands 
Nomura and co-workers prepared imido phenoxide vanadium(V) complexes L (Fig. 
1.3 1). These were shown to be active for ethylene homo- and co-polymerisation, ring 
opening metathesis polymerisation (ROMP) of norbomene, as well as styrene 
polymerisation. 
73,195-199 Activities of 366 g/mmol. h. bar for ethylene polymerisation were 
observed using L (R = Me, R' = H, R" = Me)/MAO. However, higher activities could 
be obtained when the complex was activated with AIR3-nCIn (n>l). 199 Indeed a 
systematic study of a series of aluminium alkyls reagents of the type AIR3-nCIn showed 
activities to decrease in the order: 'BU2AICI (6,500 g/mmol. h. bar) > EtAIC12 (4,680 
g/mmol. h. bar) > Me2AICI (3,440 g/mmol. h. bar) > Et2AICI (1,450 g/mmol. h. bar) > 
Et2AI(OEt) - AlMe3- AlEt3 (z 0 g/mmol. h. bar). No reactivator was used during these 
polymerisations. 
1 
R" 
N 
11 
11vý //x x 
R X= Ci, Bn 
73,195-200 
Fig. 1.31 - Imido Vanadium complexes L. 
Murphy and co-workers have reported a dialkyl variant of L (X = CH2Ph, R ='Pr, R' = 
Hý R" = 'Pr) to be stable. This indicates significant stabilisation of the V-C bond by the 
200 imido ligand . 
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Fujita and co-workers, who initially reported phenoxy-imine Group 4 metal complexes 
(Section 1.3.2.2.1), also recently reported the synthesis of phenoxy-imine vanadium 
201-203 
catalysts LI for ethylene polymerisation (Fig. 1.32). Although activities as high as 
20,000 g/mmol. h. bar were obtained for LI/DMAC in the presence of 400 equiv. of 
ETAC at 25 'C, a significant decrease in activity was observed at higher temperatures. 
However, the opposite effect was observed when LI/DMAC was supported using 
MgC12/Et, nAI(OR)ný with activities increasing from 11,300 to 65,100 g/mmol. h. bar on 
passing from 25 to 75 'C using LI/DMAC. Activities were not affected by introducing 
steric bulk around the phenoxy-imine ligand (LII). 
Van Koten and co-workers 
204-206 have reported the related phenoxy-amine complexes 
LIII. Activities of 222 g/mmol. h. bar were obtained for ethylene-propylene 
polymerisation when activated with 
Et3Al2CI3 in the absence of reactivator. 
0 VXn 
).. 
2 N 
tBu 
L1201-203 R=H 
L11201,203 R ='Bu 
L111 204-206 
Fig. 1.32 - Bisbidentate O, N ligated vanadium pre-catalysts 
LI-LIII. 
A range of vanadium complexes LIV containing the same tripodal 
ligand have been 
reported by Choukroun and co-workers (Fig. 1.33 
). 207,208 Activities were dramatically 
affected by changes in oxidation state. At 25 'C, the activity over 
3 minutes, using 
EtAIC12 as the co-catalyst, decreased in the order: LV (474 g/mmol. 
h. bar) > LVI (436 
g/mmol. h. bar) > LIV (272 g/mmol. h. bar) >> LVII (I g/mmol. 
h. bar). Considering the 
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short polymerisation times, the small amount of co-catalyst (10 equiv. ) and the absence 
of reactivator, it is likely that the observed differences are the result of different rates of 
activation. The vanadium(II) complex LVII/EtAIC12was virtually inactive which is 
consistent with the mechanism previously proposed. Upon changing the central nitrogen 
donor for sulfur, Miyatake and co-workerS209 found that, upon activation with MAO, 
LVIII (Fig. 1.33) was highly active (1900 g/mmol. h) for the polymerisation of 
propylene in liquid monomer. 
N s 
O-V- 
qo-V-O 
Xn N tBu tBu 0 cl 
No. Xn LV111209 
LIV201,208 O(O'Pr) 
LV208 O'Pr2 
LNq208 acac 
LV11208 TMEDA 
Fig. 1.33 - Tetradentate and tridentate bisphenoxy-based vanadium pre-catalysts LIV-LVIII. 
1.5 Effect of Polymerisation Conditions on Catalyst Performance 
In order to fully evaluate the scope of a catalyst's performance, it is necessary to explore 
different, and ultimately optimise, polymerisation conditions. Indeed some variables 
such as temperature, pressure, and time can have a dramatic impact on the 
polymerisation Performance. Academically, although fundamental understanding of 
homogeneous polymerisation has greatly improved, with catalytically active species 
being extremely sensitive, it still remains a challenge to determine the intrinsic 
properties of a given catalyst. The study of the effect of polymerisation conditions 
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allows an insight into some aspects of the catalyst behaviour during the polymerisation 
reaction. Industrially, it is the versatility of a catalyst and its performance under often 
fixed conditions that will determine its suitability for a commercial process. 
Pressure 
The pressure of ethylene, as for any gaseous monomer, directly affects the monomer 
concentration in solution. However, pressure and concentration are not directly 
proportional (Fig. 1.34) .2 
10 For simplicity, the monomer pressure is usually only 
considered. The rate of propagation tends to increase with the monomer pressure, which 
leads to an increased yield, however the same activity is obtained when using units of 
g/mmol. h. bar. 
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0.00+- 
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Fig. 1.34 - Experimental and calculated solubility of ethylene 
in toluene at 1,5 and 10 atm. 
The molecular weight of polymers obtained at different pressures gives direct 
information on the mechanism of chain termination. In the case of chain terminations 
via P-hydrogen transfer to monomer, which is first order in regards to monomer, the 
molecular weight is expected to remain unaffected 
by an increase in 
pressure. 
51,53,54,208,211-217 In contrast, for terminations reactions via chain transfer, which 
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are zero order in regards to monomer pressure, the molecular weight is expected to 
increase linearly with the monomer pressure. 55-59 Industrially, being able to control 
molecular weight with the pressure is highly desirable. 
Temperature 
Temperature is a relatively complex variable as it has several distinct effects on the 
polymerisation. The rate of propagation tends to increase with temperature, which leads 
to an increased activity, termination reactions are also expected to accelerate. However, 
elevated temperatures also tend to favour catalyst deactivation, which can lead to 
significant decreases in activity. The molecular weight of a polymer is controlled by the 
relative rate of propagation and termination. Usually molecular weights tend to decrease 
with increasing temperature, which indicates a higher relative rate of termination than 
propagation. 
The solubility of the monomer in solution is also greatly influenced by the temperature. 
For instance, the solubility of ethylene in toluene decreases with increasing 
temperatures, which is equivalent to a decrease in monomer pressure. A level of 
complexity is also added as the solubility of ethylene does not behave in a linear fashion 
with pressure or temperature (Fig. 1.34). 210 
Hence, although the overall effect of temperature on catalyst activity is somewhat 
unpredictable, a catalyst with improved performance at high temperature is considered 
robust in regards to deactivation. Industrially for a catalyst to be commercially viable it 
is expected to be active at temperatures higher than 60 'C. 
-38- 
I 
Time 
Introduction 
By controlling parameters such as pressure and temperature, the rate of propagation can 
be greatly enhanced, but this benefit is often counter-balanced by an increased rate of 
termination. Termination can regenerate an active catalyst, but it can also lead to 
irreversible decomposition reactions. The lifetime of a catalyst gives (the overall time it 
is active) an indication of its susceptibility towards decomposition reactions, at a 
particular pressure and temperature. Catalyst stability can also be affected by the nature 
and quantity of co-catalyst employed. 
Care must be taken when comparing activity numbers for polymerisations that were not 
performed over the same amount of time, when the lifetime has not been evaluated. 
Indeed, a moderately active long-lived catalyst tested over one hour would return a 
lower activity number than a highly active but short-lived catalyst tested over one 
minute even though the former is capable of generating much more Polymer. In the 
literature, the time of a polymerisation can vary from less than a minute to several 
hours. As the activity does not give a sense of the lifetime of a catalyst only careful 
analysis of the polymerisation conditions can avoid misleading conclusions. 
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1.6 Summary and Conclusions 
Introduction 
From the early discovery of Ziegler and Natta to the most recent developments, Group 4 
metal based catalysts have undergone a dramatic evolution. Homogeneous catalysts 
have allowed access to a much greater understanding of the effect of the catalyst 
structure and polymerisation conditions on catalyst performance. However, accurate 
predictions of activities for new catalysts still cannot be made due to the subtle 
interconnection of many parameters. 
Although vanadium based catalysts have unique characteristics, their study have been 
limited. This is probably due to the rapid deactivation after termination by reduction to a 
divalent state. Although it was recognised early on that perchlorinated compounds could 
reactivate these divalent species, their use remains rather specialized and largely for 
terpolymer production. Hence many catalysts reported in section 1.4.2 which were 
found to give low activities could in fact be very active when treated with a reactivator. 
This thesis is concerned with the study of early transition metal olefin (co- 
)polymerisation catalysts, in particular titanium and vanadium systems supported by 
benzimidazole derived ligands. In Chapter 2 the synthesis of benzimidazole derived 
titanium complexes and their evaluation as pre-catalysts for olefin polymerisation is 
described. Chapter 3 focuses on the synthesis of vanadium analogues and their 
evaluation for olefin polymerisation. The use of these vanadium complexes for ethylene 
co-polymerisation is described in Chapter 4. Chapter 5 gives experimental details for 
Chapters 2-4, together with characterising data for all the new compounds synthesised. 
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2.1 Introduction 
Early transition metals bearing various amide derived ligands have been extensively 
studied in the development of non-metallocene polymerisation catalysis. 1-7 In contrast, 
benzimidazolyl compounds, although widely investigated in biochemistry 8-10 and other 
(non-catalytic) applications, 11,12 have seldom been used as ligands for the stabilisation 
of olefin polymerisation catalysts. 13-16 Additionally, to our knowledge, the ability of the 
benzimidazolyl unit to act as a monoanionic ligand has not been exploited. Nevertheless 
a recent study by Gibson and co-workers showed that Cr catalysts supported by a 
neutral tridentate benzimidazolyl amine ligands are highly active for olefin 
oligomerisation. 16 
The complexation chemistry of mono-anionic ligands that incorporate additional neutral 
donor groups has become a focus of much research in recent times. 7,17-22 The interest is 
triggered by the ability of the neutral donor to bind to, and thus stabilise, a reactive 
metal centre. Due to what was believed to be a better complementarity in the hard-soft 
acid-base characteristics, neutral donors for early transition metals were often chosen as 
hard 1" row nitrogen, e. g. amine, 
23-36 
or pyridine 
37-42 
or oxygen 
43-45 donors, but recently 
ligands containing soft 2 nd row thioethers and tertiary phosphine donors when 
associated with an early transition metal were found to have a dramatic effect on 
ethylene polymerisation activities upon activation with 
MA07. 
Based on these results we were interested in combining the benzimidazolyl unit bearing 
different heteroatom donors; these targets are shown schematically in Fig. 2.1 and 
abbreviated hereafter as FN, D]H and [N, D, N]H2 (where N= 
benzimidazolyl; D= 
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neutral donor). This chapter describes the synthesis of titanium complexes bearing one 
or two [N, D] ligands as well as titanium complexes bearing one [N, D, N] ligand. Their 
performance as ligands for olefin polymerisation catalysts has been evaluated. 
Nz:: 
z 
DND 
PJ HNHHN 
D =NR2OR, SR D= NR, 0, S 
Fig. 2.1 -Targeted [N, D]H, [N, D, N]H2 pro-ligands. 
Typically, non-metallocene Group 4 metal complexes are supported by bis-bidentate or 
tridentate ligands, and only a limited number of complexes bearing one bidentate 
monoanionic ligand have been found to be active for ethylene polymerisation. 
2,5,46 
However a study by Lappert and co-workers 46 showed that LX (Fig. 2.2) had an activity 
an order of magnitude higher than the corresponding bis-ligand complex LXI. 
N\/ Cl 
2Zr-Cl 
/\ cl N\ 
Bu t SiMe3 
LX46 
, SiMe3 
r . 
oci 
N---Z ", I "I/C I 
N ---SiMe3 
LX146 
tBu 
Fig. 2.2 - Reported complexes LX and LXI bearing monoanionic bidentate ligands 
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2.2 Synthesis and Characterisation of Benzimidazolyl Pro-ligands 
2.2.1 Synthesis of Benzimidazolylmethyl [N, DIH Pro-ligands 
Potentially bidentate benzimidazolylmethylamine pro-ligands [N, NR2]H were first 
investigated by Bloom and DaY47 in 1939, and were obtained by condensation of 2- 
choromethylbenzimiclazole with a suitable amine. Although we evaluated different 
procedures, this protocol was found to be the most effective in obtaining the desired 
benzimidazolylmethylamines LI-L3 (Scheme 2.1. i) which have a range of steric 
properties at the tertiary amine. It should be noted that although 2- 
chloromethylbenzimidazole is commercially available, improved yields and purities 
were achieved when this precursor was freshly synthesised. 47 
H 
cl 
0 
)-ýD 
HO 
No. Donor D 
Ll NMe2 
L2 NEt2 
' L3 N Pr2 
U Ome 
L5 sme 
Scheme 2.1 - Synthesis of [N, D]H compounds Ll-L5. Reagents and Conditions: for D=NR210: i) 2 equiv. 
HNR 247, MeOWEtA reflux 3h; for D=OR, SR8: ii) o-phenylendiamine, 4M HCI, 24 h reflux, iii) 6M 
NH40H (aq). 
To evaluate the effect of alternative heteroatoms, 2-(methoxymethyl)benzimidazole 
(L4) and 2-(methylthiomethyl)benzimidazole (L5) were also synthesised 48 by 
condensation of phenylenediamine with the required acid. * This afforded L4 and L5 as 
microcrystalline solids (Scheme 2.1. ii, iii), which, after recrystallisation from 
methanol/water, were obtained in an analytically pure form. 
* The acids used as starting materials for U and L5 are commercially available. 
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2.2.2 Synthesis of Bis(benzimidazolyl) [N, D, NIH2Pro-ligands 
The potentially tridentate bis(benzimidazolylmethyl)amine [N, NR, N]H2 pro-ligands 
8,10 were prepared by modifying a procedure previously reported in the literature . 
Phenylenediamine was condensed with the required iminodiacetic acid* at high 
temperature (Scheme 2-2-i). The bis(benzimidazolyl) pro-ligands containing sulfur and 
oxygen donors were synthesised by condensation of phenylenediamine with the 
required acidý (Scheme 2.2. ii). Overall L6-LI1 were obtained in high yields as 
microcrystalline solids after recrystallisation from methanol and water. 
No. D 
L6 NMe 
0 
o-phenylendiamine 
ND L7 NBn 
HOý- 
D 
i) or ii), iii) NH 
L8 NPh 
2 L9 N(2,6-Me2Ph) 
2 
L10 s 
Lll 0 
Scheme 2.2 - Synthesis of [N, D, NIH2compounds L6-Ll 1. Reagent and Conditions: For D=NR, 'O: i) 
Et(OH)25 180 'C, 4 h; for D=0, S8: ii) 4M HCI, 24 h reflux, iii) 6M NH40H (aq. ). 
2.2.3 Characterisation of [N, DIH and [N, D, N]H Pro-ligands 
L1-LII were characterised by elemental analysis, NMR, IR spectroscopy, and mass 
spectrometry; full details can be found in Chapter 5. The IR spectra of L1-L1I include 
bands corresponding to u(NH) centred at around 2890 cm-1 and lj(C=N, C=C) between 
1620-1520 cm-1. Out of plane deformation bands of the benzimiclazolyl ring are 
observed at ca. 1434,1270ý 749 cm-1 for 6(NH), 6(C-N) and 6(C-H), respectively. The 
* The diacids used as starting materials for L6-L8, L11 and L10 are commercially available. The 
aminoacid required for the synthesis of L9 was not commercially available, and was synthesised 
according to a literature procedure. 
49 
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mass spectra all contain the corresponding molecular ion peak [MH]+ at the expected 
M/Z. 
The 1H NMR spectra of L1-L11 were fully assigned using a combination of 2D 
experiments. As examples Fig. 2.3 shows the 1H NMR spectra of LI and L6. These 
spectra include two sets of aromatic resonances at 7.47 and 7.12 ppm for Ll and 7.53 
and 7.15 ppm for L6, corresponding to the overlapping signals of the benzimidazolyl 
aromatic protons. Singlet resonances at 3.64 and 3.92 ppm for Ll and L6, respectively, 
are assigned to the methylene protons, while singlets at 2.22 and 2.27 ppm correspond 
to the methyl substituent of the amine. Finally, broad resonances at 10.92 (LI) and 
12.33 ppm (L6) are assigned to N-H moities. 
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Ll 
Me 
1, ý111111111i1111i111111111i1111111111111111111ý1111; 1111111111111 
13,0 12.0 11«0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppnl 
b) L6 
H(b) 
H(b) 
N 
H(c) 
H(d) 
H(o H(e) 
H(d)/H(e) 
H(c)/H(f)., j 
H(a) 
Me 
fT 
13.0 12.0 11.0 10.0 9.0 8.0 TO 610 610 4.0 3.0 2.0 ppm 
Fig. 2.3 - 'H NMR spectrum of a) LI (CD2CI2) and b) L6 (DMSO-d6*) 
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2.3 Synthesis of Benzimidazolyl Titanium Complexes 
2.3.1 Synthesis of [N, D]Titanium Complexes 
In order to determine an appropriate titanium precursor for the targeted [N, D] 
complexes, NMR scale reactions (benzene-d6) were carried out using 1 equiv. of 
[N, NMe2]H Ll and a range of titanium precursors. The reactions with TiC14, 
Ti(CH2Ph)4and Ti(NMe2)2CI2 afforded a mixture of Products, while Ti(O'Pr)4 gave no 
reaction, even upon heating. In contrast, the NMR spectrum arising from treatment of 
LI with Ti(NMe2)4 showed a single clean product and included one equivalent of 
HNMe2 indicating that the [N, D] ligand is monoanionic. A preparative scale reaction 
gave 1 in 67 % yield (Scheme 2.3). This general protocol was readily extended to the 
other benzimidazolyl pro-ligands L2-L4 affording the complexes 2-4 as orange-yellow, 
air- and moisture-sensitive solids in yields ranging from 68-83 %. Although successful 
on an NMR-scale at room temperature, when the reaction was heated to 58 'C the 
product gradually decomposed. Additionally the scaled-up reaction between Ti(NMe2)4 
and L5 did not give a pure product. This indicates that 5 may be unstable, possibly a 
consequence of a weak Ti-S interaction. 
No. D 
-ýD \:,, NMe2 1 NMe2 
'J"ýýD i) 
IN- N ---\' ___ 
Ti2 NEt2 
NH N\ '""We2 
3 N'Pr2 NMe2 
4 OMe 
5 We 
Scheme 2.3 - Synthesis of [N, D]Ti(NMe2)3 complexes 1-5. Reagent and Conditions: i) I equiv. Ti(NMe2)4, CA, -78 'C to 25 'C. 
Full experimental procedures for the synthesis of 1-4 can be found in Chapter 5. The 
solid and solution state structures of these complexes as determined by X-ray 
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crystallography and NMR spectroscopy respectively are described in the following 
sections. 
2.3-1.1 Solid-state Structures of [N, D]Ti(NMe2)3 Complexes 
Crystals of complexes [N, NEt2]Ti(NMe2)3 2 and [N, OMe]Ti(NMe2)3 4 were grown 
from saturated pentane/CH2CI2 solutions at room temperature; the structures are shown 
in Fig. 2.4 and 2.6 respectively. In 2, the metal coordination geometry is best described 
as trigonal bipyramidal with N(l) and N(40) in the axial sites, the r* parameter being 
0.78 . 
50 The main distortion from an ideal trigonal bipyramidal geometry is that the 
metal centre sits ca. 0.22 A out of the IN(4), N(20), N(30)1 equatorial plane in the 
direction of N(40). The five-membered chelate of the benzimidazolyl ligand ring is 
folded into an envelope conformation, the neutral amine donor lying ca. 0.79 A out of 
the f TiC2Nj plane which is coplanar to within ca. 0.02 
The Ti-NMe2bond distances are ca. 1.90 A and are in the range of previously reported 
Ti-N(amide) bonds. 51 The benzimidazolyl amide bond Ti-N(4) is somewhat longer at 
2.0677(9) A. The bond between the metal centre and sp 3 nitrogen N(l) is ca. 0.42 
longer than the benzimidazolyl amido nitrogen N(4) and is notably longer than 
previously reported Ti-N(amine) bond distances. 
51 
* The T parameter gives a quantifiable indication of coordination geometry 
in five-coordinate 
complexes. T= (P-a)/60 where angle oc is the second largest angle at the metal centre; angle 
P is the 
largest angle at the metal centre. For a perfect square-based pyramid, T=0, and 
for a perfect trigonal 
bipyramid -c = 1. 
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Bond Lengths (A) 
Ti-N(I) 2.4995(10) 
Ti-N(4) 2.0677(9) 
Ti-N(20) 1.9032(10) 
Ti-N(30) 1.8908(10) 
Ti-N(40) 1.9348(11) 
Bond Angles (') 
N(40)-Ti-N(l) 168.36(4) 
N(30)-Ti-N(20) 121.66(4) 
N(40)-Ti-N(30) 96.03(5) 
N(4)-Ti-N(l) 72.66(3) 
N(40)-Ti-N(20) 115.20(4) 
Fig. 2.4 - Molecular structure of 2 with key bond lengths and angles (H atoms omitted for clarity). A full 
list of bond lengths and anles along with crystallographic parameters can be found in Appendix 1. 
The solid-state structure of 4 revealed the presence of two crystallographically 
independent molecules denoted by 4(1) and 4(11) (molecule 4(1) is shown in Fig. 2.5, 
molecule 4(11) in Appendix 1). Similarly to 2, the metal coordination geometry is best 
described as trigonal bipyramidal with 0(l) and N(40) in the axial sites, the -c parameter 
being 0.88 and 0.81 for molecules 4(1) and 4(11) respectively. Furthermore the same 
distortion from an ideal trigonal bipyramidal geometry is observed, where the metal 
centre sits ca. 0.26 A out of the fN(4), N(20), N(30)1 equatorial plane in the direction of 
N(40) in both complexes 4(1) and 4(11). In contrast to 2, for molecules 4(1) and 4(11) the 
five-membered N, O chelate ring is only slightly folded into an envelope conformation, 
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the oxygen lying ca. 0.16 A [0.28 A in 4(11)] out of the fTiC2Nj plane which is 
coplanar to within ca. 0.03 A [0.02 A in 4(11)]. 
C(2) 
Bond Lengths 
I 11 
Ti-O(I) 2.2539(15) 2.2333(14) 
Ti-N(4) 2.0826(15) 2.0891(16) 
Ti-N(20) 1.8935(16) 1.8858(17) 
Ti-N(30) 1.8930(17) 1.9094(17) 
Bond 
0(l)-Ti-N(4) 
les 
72.10(6) 71.63(5) 
0(l)-Ti-N(40) 172.23(6) 169.34(6) 
N(4)-Ti-N(20) 120.69(7) 121.01(7) 
N(20)-Ti-N(30) 114.74(7) 112.71(7) 
Ti-N(40) 1.9204(17) 1.9156(16) N(30)-Ti-N(40) 96.00(8) 96.58(7) 
_ 
Fig. 2.5 - Molecular structure of 4(1) (H atoms omitted for clarity) with key bond lengths and angles for 
4(1) and 4(11) present in the crystals of 4. A full list of bond lengths and angles along with 
crystallographic parameters can be found in Appendix 1. 
2.3.1.2 Solution-state Structures of [N, D]Ti(NMe2)3Complexes 
Complexes 1-5 were investigated in solution using I H, and 13 C1 I HI NMR spectroscopy. 
The 1H NMR spectra reveal characteristic signals for the bridging methylene protons of 
the ligand and the three metal-bonded NMe2units. Additionally, a comparable splitting 
of aromatic signals is observed resulting in three distinct aromatic resonances (the NMR 
spectra of 1 and LI are shown for comparison in Fig. 2.6). The difference in chemical 
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shifts between the pro-ligand and complex (A8NCH2 - 0.25 ppm) indicates that the 
neutral donor D of [N, D] is bound to the metal. 
Iý. IIIIII. IIII. IIII. ýIIIIII r--l 
8,0 To U 5.0 4,0 3.0 PPM 
NMe2(b/b'/b") 
Me a 
N-, Me a' 
Ti... & N Me2 b 
Me2 \ NMe2b' 
/ 
Me(a/a') 
NCH2(C) 
8.0 7.0 6.0 5.0 4.0 3.0 PPM 
Fig. 2.6 - lH NMR spectra of 1 and Ll in 
CD2CI2. 
If the complexes adopt the trigonal bipyramidal geometry seen for 2 and 4 in the solid- 
state, then at least two signals should be observed for the chemically inequivalent apical 
and equatorial dimethylamido groups. The single resonances seen in the NMR spectra 
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of 1-5 indicate that, at room temperature, exchange is fast on the NMR time-scale 
resulting in an averaging of the amido signals. 
2.3.2 Synthesis of [N, D12Ti(NMe2)2Complexes 
To obtain titanium complexes containing two bidentate [N, D] ligands, two distinct 
methodologies were investigated; Method I (Scheme 2.4. i) corresponds to the reaction 
of I equiv. of the [N, D]H pro-ligand with 1 equiv. of the corresponding 
[N, D]Ti(NMe2)3complex, and Method 2 (Scheme 2.4. ii) corresponds to the reaction to 
the reaction of Ti(NMe2)4with 2 equiv. of [N, D]H. 
N: =-ý 
// 
NMe2 
N 
/I I 
W2N 
141"'-2 
NMe2 
N TI 
NMe2 
NH 
Comp. Donor (D) 
6 NMe2 
OMe 
8 SMe 
Scheme 2.4 - Synthesis of bis-[N, D]Ti(NMe2)2 Complexes 6-8. Reagent and Conditions: i) I equiv. of pro- 
ligand, -78 'C to 25 'C. ii) 1/2 equiv. Ti(NMe2)4, -78 'C to 25 'C. 
Complex 6, with a neutral methylamine donor was synthesised in 80 % yield by Method 
1. Reactions with [N, NEt2]H L2 using either method gave a mixture of products. 
Reactions attempted with [N, NPr2]H L3 also proved unsuccessful. The oxygen 
containing complex 7 was obtained by Method 2 affording the targeted compound in 74 
% yield. Although formation of the thioether containing complex 8 was confirmed by 
NMR-scale reactions, when the reaction was scaled up the pure product could not be 
isolated. 
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2.3.2.1 Solid-state Structures of [N, D12Ti(NMe2)2 Complexes 
Crystals of the titanium complexes [N, NMe2]2Ti(NMe2)2 6 and [N, OMe]2Ti(NMe2)2 7 
were grown from a saturated benzene solution and slow evaporation of a chlorofonn 
solution respectively; the structures are shown in Fig. 2.7 and Fig. 2.8. The molecular 
structure of 6 shows the metal to have a distorted octahedral coordination [cis angles in 
the range 70.44(5) to 104.31(6)0, and trans angles of 155.30(5), 161.97(5) and 
165.30(5)'] with the two dimethylamido ligands mutually cis; the two most acute cis 
angles are associated with the bite angle of the [N, NMe21 chelate ligands. The 
coordination sphere is CI-symmetric, a result of the two benzimidazolyl ligands being 
coordinated in an asymmetric fashion. While the imidazole nitrogen N(4) is trans to the 
neutral amine N(21), the other imidazole donor N(24) is trans to a dimethylamido, 
N(50) ligand. As was seen in the structure of [N, NEt2]Ti(NMe2)3 2, the two five- 
membered chelate rings in 6 have envelope conformations, with the amino nitrogens 
N(l) and N(21) lying ca. 0.78 and 0.69 A out of their respective f C2NTij planes which 
are coplanar to within ca. 0.03 and 0.01 A respectively. 
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NOD 
N(3 
Bond Lengths (A) 
Ti-N(I) 2.5180(15) 
Ti-N(4) 2.0834(14) 
Ti-N(2 1) 2.4703(15) 
Ti-N(24) 2.1630(14) 
Ti-N(40) 1.9068(14) 
Ti-N(50) 1.9145(14) 
Bond Angles (') 
N(l)-Ti-N(40) 165.30(5) 
N(4)-Ti-N(2 1) 161.97(5) 
N(24)-Ti-N(50) 155.30(5) 
N(l)-Ti-N(4) 71.91(5) 
N(40)-Ti-N(50) 99.78(6) 
N(2 I)-Ti-N(24) 70.44(5) 
Fig. 2.7 - Molecular structure of 6 with key bond lengths and angles (H atoms omitted for clarity). A full 
list of bond lengths and angles along with crystallographic parameters can be found in Appendix 1. 
In contrast to 6, the molecular structure of 7 has a trans-N2, C2-symmetric structure with 
the two methoxy donors and the dimethylamido ligands both mutually cis. There are no 
apparent steric clashes between the ligands in 6 and 7 therefore electronic factors are 
thought to be responsible for this change in coordination. The geometry at the metal 
centre is distorted octahedral with cis angles in the range 72.72(4) to 104.87(5)' and 
trans angles of 145.14(4), 168.90(4) and 170.38(4)', the two most acute cis angles are, 
as expected, associated with the bite angle of the five-membered N, 0 chelate rings. 
These two chelate rings have envelope conformations with the oxygen lying ca. 0.31 
and 0.34 A respectively out the associated fTiC2Nj planes which are each coplanar to 
within ca. 0.06 A. In this regard, the benzimidazolyl ligands in 7 mirror the 
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benzimidazolyl ligand in 4. The Ti-O bond lengths are noticeably shorter (ca. 0.22 
than the Ti-N(I) bond in 6. 
C(2) 
Bond Lengths (A) 
Ti-0(1) 2.2150(9) 
Ti-0(2 1) 2.2569(10) 
Ti-N(4) 2.1132(11) 
Ti-N(24) 2.1093(11) 
Ti-N(40) 1.9010(11) 
Ti-N(50) 1.8946(11) 
Bond Angles (') 
0(l)-Ti-N(50) 170.38(4) 
N(4)-Ti-N(24) 145.14(4) 
N(40)-Ti-0(2 1) 168.90(4) 
0(l)-Ti-N(4) 73.18(4) 
N(40)-Ti-N(50) 99.09(5) 
0(2 I)-Ti-N(24) 72.72(4) 
Fig. 2.8 - Molecular structure of 7 with key bond lengths and angles (H atoms omitted for clarity). A ftill 
list of bond lengths and angles along with crystallographic parameters can be found in Appendix 1. 
Although a mixture of products was obtained when reactions were carried out between 
L2 and Ti(NMe)4, crystals suitable for X-ray analysis were obtained from the reaction 
mixture. Single crystal X-ray diffraction analysis revealed an unexpected compound A 
in which the cc-carbon [C(I 2)] of one of the diethylamines has lost a proton, eliminating 
HNMe2, and coordinated to the metal centre to form a 3-membered fTi, C, NI 
metallocyclic ring 52,53 (Fig. 2.9). This benzimidazolyl ligand is effectively dianionic and 
tridentate. Interestingly, in contrast to 6, the benzimidazolyl nitrogen N(4) and N(2 1) 
are mutually trans. The two five-membered NN' chelate rings both have envelope 
conformations, but whereas for the N(I), N(4) ring it is the metal that lies ca. 0.24 A out 
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of the f C2N21 plane (which is coplanar to within ca. 0.02 A), for the N(2 1), N(24) ring 
N(21) lies ca. 0.53 A out of the f C2NTij plane that is coplanar to within ca. 0.02 
Unfortunately we were unable to isolate this compound in an analytical pure form or 
selectively synthesise it. 
Bond Lengths (A) 
Ti-N(I) 2.219(3) 
Ti-N(4) 2.0799(19) 
Ti-N(2 1) 2.306(2) 
Ti-N(24) 2.0681(19) 
Ti-N(40) 1.897(2) 
Ti-C(I 2) 2.116(3) 
N(l)-C(I 2) 1.416(3) 
Bond Angles (') 
N(l)-Ti-N(40) 137.70(9) 
C (I 2)-Ti-N(2 1) 127.39(10) 
N(24)-Ti-N(4) 164.75(7) 
N(l)-Ti-N(4) 77.45(8) 
N(40)-Ti-C(I 2) 101.68(11) 
N(2 I)-Ti-N(24) 74.73(7) 
C(I 2)-Ti-N(l) 38.04(9) 
Fig. 2.9 - Molecular structure of A, one of the products of the reaction 
between L2 and 2 (H atoms 
omitted for clarity). A full list of bond lengths and angles along with crystallographic parameters can be 
found in Appendix 1. 
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2.3.2.2 Solution-state Structures of IN, D12Ti(NMe2)2 COMPIeXeS 
The geometries of complexes 6-8 in solution can be assessed by NMR spectroscopy. 
For the CI-symmetric all-cis complex 6, different sets of signals would be anticipated 
for the inequivalent benzimidazolyl ligands and the NMe2 ligands. The lH spectrum 
should also include four doublets for the inequivalent methylene bridge protons. 
However at 293 K, in toluene-d8 the 1H NMR spectrum of 6 revealed only a single 
resonance for the methylamine (at 1.63 ppm) and NMe2 protons (at 2.88 ppm) along 
with two doublets for the methylene bridge protons (Fig. 2.10. a) suggesting an 
averaging process is taking place in solution. On cooling a sample to 223 K, the 
exchange is slowed sufficiently to distinguish most of the complex's signals (Fig. 
2.1 O. b), with the 1H NMR spectrum revealing two sets of signals for the benzimidazolyl 
and amido ligands consistent with the expected Cl-symmetric ground state. A 
combination of ROESY, COSY, HMBC and HMQC experiments were used to facilitate 
full assignment of this spectrum*. 
* Appendix 2 
-73 - 
_ 
Chapter 2 Benzimidazolyl Titanium Complexes: Synthesis & Polymerisation 
293K 
Hý3 H(T ýAe(2 e(l) M 
ef 
Nd9 
N N, 
7 H 
(OrVý2N'o H(c) 64 
5 Me(a)Me(b) 
M eý(AA e (p) 
7/g ArH 
IIIIIIIIIIIII r-r-M 
8.1 6.5 
3/3'/c/c' 
11 
1/2/a/b 
I 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 PPM 
b 
IIIIIIIIIIIIIIIII --Tl I 
.... 1 111111111 1 111 1 11 FIIjIr'rrjjTrr i 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 PPM 
Fig. 2.10 - 
lH NMR spectra (toluene-d8) of 6 a) at 293 K; b) at 223 K. 
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Theoretical54,55 and experimenta156-60 investigations into configurational rearrangements 
in octahedral complexes of the type [A, B12MX2 have been reported by Bickley and 
Serpone. Site exchange can occur by two distinct mechanisms. The first mechanism is 
non-dissociative and involves a 120' rotation about one of the trigonal faces via a 
trigonal prismatic intermediate, a Bailar twist. 61 Twist mechanisms have been 
considered for the rearrangements in bis(O-ketiminate)62 , bis(ketiminate)62,63 and 
bis(amidinate)64 complexes of Group 4 metals. The second mechanism involves metal- 
ligand bond cleavage and rearrangement of the resultant five coordinate intermediate. 
Such dissociative mechanisms have been proposed for the isomerisation in bis(8- 
quinolinolato)titanium complexes. 
37,57 
Dissociative and non-dissociative mechanisms are readily distinguished by the entropy 
of activation (AS) for the isomerisation process. Dissociative pathways, by definition, 
involve bond cleavage, hence, the resultant transition states are invariably higher in 
entropy than the ground state. Conversely, Bailar twist mechanisms generally have 
negative ASI values. In order to determine the activation parameters for the process 
taking place in 6, variable temperature (VT) 1H NMR spectra were recorded over the 
temperature range 203-375 K in toluene-d8. The rate of exchange (k) at each measured 
temperature was calculated by line-shape analysis using the WINDNMR dynamic NMR 
simulator. 65, * The expanded form of the Eyring equation (equations I and 2) shows that 
the enthalpy of activation (AH) and ASI can be calculated from a plot of ln(k/T) versus 
I/T (an Eyring plot), with AW derived from the gradient and AS" from the intercept. 
The activation parameters calculated for 6 are tabulated in Fig. 2.11 
* Further details regarding the simulation and the rate constants can be found in Appendix 4. 
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k= kB. T/h. exp(-AHI/RT). exp(ASl/R) (1) 
ln(k/T) = [ln(kB/h) + AS'/R] - AHl/RT (2) 
Me2 
\\\N -k 
Me2N'000' 
Me2N Me2 
PA, N 
Me2N 
Vow- "%, It Me2N *N 
Me2N Me2 
lH NMR for 6 (ArH): 7/g 
363K 
L 
- 6 
303K AH' (kJ/mol) 21±1 
__--ý, 
ý_ _253K AS' (J/K. mol 37±4 
79 
203K AG1298K (kJ/mol) 10±3 
kobs(298K) (104S-1) 16 8.50 8.00 7.50 PPM 
Fig. 2.11 - Activation parameters for the ligand exchange in 6. The 1H NMR spectrum of 6 (toluene-d8) 
over the chemical shift range 7.50 - 8.50 ppm and 203 K- 363 K. 
A large positive ASI value (37 J/K. mol) was found for the exchange of the aromatic 
signals 7 and g indicating that the transition state is less ordered than the ground state. 
Based on this, the ligand exchange is believed to arise from the dissociation of one (or 
both) of the weakly bound neutral amines followed by rearrangement of the remaining 
ligands. The rate of this process is fast at ambient temperature (kobs(298K) -"' 105 S-1). 
Additional, potentially independent, averaging processes for the dimethyl amido protons 
were observed over the temperature range, but unfortunately due to overlapping signals 
a rate could not be obtained. 
The lH NMR spectrum of [N, OMe]2Ti(NMe2)27 at room temperature is consistent with 
a C2-symmetric complex in solution (Fig. 2.12). VT 1H NMR spectra recorded in 
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toluene-d8, showed a "static" ligand environment in the range 293-378K, indicating a 
stable coordination geometry. This observation could reflect stronger Ti-O bonds. 
H (2') H (2) Me(l) 
Me2 
N 
N 
00000" 
Ti H(2') 
NI H(2) 
NMe2M/ 
e(l) 
ArH 
NMe2 
Me(l) 
IIIIII11 
7.9 7.1 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIiIIIIIIIIIIIIIIIIIIIIIIIIIIII11$119111 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 PPM 
Fig. 2.12 - 
lH NMR spectrum (CD2CI2) of 7 at 293 K. 
Although 8 could not be isolated on a preparative scale it was of interest to study its 
behaviour in solution. Its 1H NMR spectrum, at room temperature in 
CD2C12 shows 
broad signals for several of the proton enviromnents (Fig. 2.13a). This is consistent with 
an averaging process taking place in solution and suggests the structure of 8 is more 
similar to 6 than 7. Indeed, on cooling the sample to 203 K, the NMR spectrum of 8 
resolved to two sets of sharp signals for the benzimidazolyl and amido ligands implying 
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a CI-symmetric ground state. A combination of 2D NMR experiments similar to those 
used in the characterisation of 6 was used to fully assign this spectrum*. 
293K 
H (2') 
H (2) 
A. 
'F Mem de 
Nc<f 
N 
6 H (b') 
Me(oillj-- N 
53s H(b) m4p) N 
jý 4 Me(a) 
Me(y) Me((, )) 
6/f ArH 2/2'/b/b' 
IL I/a 
8.0 6.4 
. ...................................................... ................................ ...................................... 4.3 
3.4 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 PPM 
b)203K 
I Ilills III I-VIIIIII 11111111 1111 
111 1111111 11111 11111 11 1111 11-1 1111111111 111 11 Ili .m 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 PPM 
Fig. 2.13 - 
1H NMR spectra (CD2CI2)of 8 a) at 293 K; b) at 203 K. 
* Appendix 3 
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VT 1H NMR data measured over the temperature range 203-308K, and a line-fitting 
procedure analogous to that described for 6, gave the activation parameters for the 
ligand exchange which are tabulated in Fig. 2.14. Similarly to 6, a large positive AS' 
value was found for the exchange of the SMe signals I and a (Fig. 2.14) again implying 
a mechanism in which the more weakly bond neutral donor dissociates from the metal 
centre. 
S Me 
k 
Me2N S. 
Meo N ii 
Ti BD MeS I 
I me Me2N Me2N Me 
H NMR for 8: 
1/a 
8 308K 
273K AHI (kJ/mol) 17±1 
253K 
............... 
ASI (J/K. mol 17±2 
a AG298K (kJllm0l) 12±1 
203K 
k (104S. 1) obs(298K) 1.6 
2.50 2.00 1.50 ppm 
Fig. 2.14 - Activation parameters for the ligand exchange in 8 and the 'H NMR spectrum of 8 (CD2CI2) 
over the chemical shift range 1.50 - 2.50 ppm and 203 K- 308 K. 
The observed rates of exchange for 6 and 8 at 16x 104 and 1.6 x 104 s-1, respectively, are 
perhaps opposite to whatever would be anticipated for a nitrogen donor which would be 
expected to be held more strongly to titanium than the softer sulfur donor and hence 
exchange less readily. Indeed from the AH1 values it does appear that the Ti-N bond is 
stronger. However, this observation is counterbalanced by a notably lower AS+ for 8, 
which acts to limit kbs to less than that found for 6. 
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2.3.3 Synthesis of [N, D, N]Titanium Complexes 
NMR-scale reactions (benzene-d6) were carried out using I equiv. of [N, NMe, N]H2L6 
and I equiv. of a number of titanium precursors to determine a suitable synthetic 
methodology for their preparation. Similar to the bidentate [N, D] titanium complexes, 
only Ti(We2)4afforded a clean product, with two equivalents of HNMe2being formed 
during the reaction indicating that a dianionic bisbenzimidazolyl ligand is generated. An 
analogous reaction on a preparative scale gave 9 in 92 % yield. This general protocol 
was readily extended to the other [N, D, NIH2 compounds (L7-LII) affording the 
compounds 10-14 in Scheme 2.5 as analytically pure orange or yellow, air- and 
moisture- sensitive solids in 72-96 % yield. 
Comp. Donor (D) 
NNDN9 
NMe 
1 
10 NBn D N-Ti-N 
NH NPh 
'Me2N NMe2)b 
2 12 N(2,6Me2Ph) 
13 s 
14 0 
Scheme 2.5 - Synthesis of [N, D, N]Ti(NMe2)2 complexes 9-14. Reagents and 
Conditions: i) C6H63 
Ti(NMe2)4, -78 'C to 25 'C. 
Full experimental procedures for the synthesis of 9-14 can be found in Chapter 5. The 
solid and solution state structures of these complexes as determined 
by X-ray 
crystallography and NMR spectroscopy are described in the following sections. 
2.3.3.1 Solid-state Structures of [N, D, N]Ti(NMe2)2Complexes 
Crystals of [N, NMe, N]Ti(NMe2)2 9 suitable for X-ray analysis were grown 
by slow 
evaporation of a CH202 solution. The molecular structure of 
9 (Fig. 2.16) has a 
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coordination geometry lying somewhere between a trigonal bipyramid and square base 
pyramid (r = 0.42; Table 2.3). Viewed as square base pyramidal, the amido donor N(40) 
lies in the apical position with the metal being ca. 0.58 A out a best-fit plane 
fN(l), N(4), N(14), N(30)j in the direction of the apical atom. Alternatively, if 
considered trigonal bipyramidal, with N(l) and N(30) in the axial sites, the metal lies 
ca. 0.26 A out of the associated equatorial {N(4), N(14), N(40)1 plane in the direction of 
N(30). Although the bis(benzimidazolyl) ligand may be expected to bind in a 
symmetrical fashion it is highly distorted with notably differentC2NJi chelate rings. 
The Ti/N(l) chelate ring has jTi, C(l2), C(13), N(l)j coplanar to within ca. 0.06 A with 
N(l) lying ca. 0.26 A out of this plane, whilst for the Ti/N(4) chelate ring 
{Ti, C(2), C(3), N(4)1 are coplanar to within ca. 0.02 A with N(l) lying ca. 0.73 A out of 
this plane. The net result of these distortions is that the bis(benzimidazolyl) ligand has a 
folded geometry, resulting in the inclination of the two benzimidazolyl units (7) by ca. 
106 ' (Fig. 2.15), and that the methyl amino group is twisted away from N(40) (C(Me)- 
N(l)-Ti-N(40) torsion angle of is ca. 28'). 
Fig. 2.15 - Inclination of the benzimidazolyl unit (7) 
Each Ti-N bond distance is in the typical range found for equivalent bonds .51 The 
bond 
between the metal centre and the sp 3 nitrogen N(l) is ca. 0.30 A longer than those to the 
benzimidazolyl amido nitrogens N(4) and N(I 4) which are in turn ca. 0.16 A longer 
than those to the dimethylamido donor atoms N(30) and N(40). The Ti-N(30) bond is 
noticeably longer than that to N(40), presumably arising from the lack of a competing 
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trans donor opposite to N(40). The N(l) atom is only slightly distorted from ideal 
tetrahedral, with angles in the range 105.39(11) - 111.18(l 1)'. 
a) 
b) 
c) 
Fig. 2.16 - Molecular structure of a) 
9, b) 11 (1), c) 12(l) (H atoms omitted for clarity). Crystallographic 
parameters and structures of I1 (11) and 12(11) are found in Appendix 1. 
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Table 2.1 - Selected bond lengths (A) for 9,11, and 12. 
Ti-N(I) Ti-N(14) Ti-N(4) Ti-N(40) Ti-N(30) 
9 2.3312(16) 2.0283(14) 2.0375(15) 1.8636(17) 1.8816(16) 
11(l) 2.4373(14) 2.0235(14) 2.0455(14) 1.8413(14) 1.8794(14) 
2.4241(14) 2.0410(14) 2.0456(14) 1.8465(14) 1.8709(14) 
12(l) 1 
12 
2.4486(11) 2.0546(12) 2.0412(11) 1.8688(12) 1.8853(12) 
12(11) 2.4441(12) 2.0457(11) 2.0336(11) 1.8594(13) 1.8879(13) 
Table 2.2 - Selected Bond angles (') for 9,11, and 12. 
9 
12 
12(l) 
12(lb 
N(l)-Ti-N(30) 
156.41(6) 
159.41(5) 
155.68(5) 
157.48(5) 
158.32(5) 
N(4)-Ti-N(14) 
130.89(6) 
129.19(6) 
133.57(6) 
147.95(5) 
147.71(5) 
N(l)-Ti-N(40) 
102.39(7) 
100.79(5) 
105.09(6) 
100.69(5) 
99.90(5) 
N(14)-Ti-N(30) 
98.30(7) 
96.38(6) 
97.75(6) 
101.96(5) 
101.80(5) 
N(4)-Ti-N(40) 
113.96(7) 
114.18(6) 
110.94(6) 
97.19(5) 
96.21(5) 
Table 2.3 - The -c parameter, torsion angle C,,, b-N(I)-Ti-N(40) and y for the solid-state structures of 
complexes 9,11,12 and 13. ' 
A ct! ° 131° 
N(40) 130.89(6) 156.41(6) 0.42 
Torsion Angle 
-I -sub-N(l)-Ti-N(40 
28 
y 
106 
N(40) 129.19(6) 159.41(5) 0.50 2 136 
11(11) N(40') 133.57(6) 155.68(5) 0.37 15 142 
12(l) N(40) 147.95(5) 157.48(5) 0.16 177 175 
12 
12(11) N(40') 147.71(5) 158.32(5) 0.18 175 175 
13 N(40) 134.17(5) 157.90(4) 0.40 154 
'Donor A is defined as being not one of the four donors involved in the two largest angles at the metal 
centre; angle (x is the second largest angle at the metal centre; angle P is the largest angle at the metal 
centre, y corresponds to the inclination of the two benzimidazolyl unit. 
Crystals of [N, NPh, N]Ti(NMe2)2 11 suitable for X-ray analysis were grown via slow 
diffusion of pentane into a 
CH2CI2 solution. The solid-state structure of 11 revealed the 
presence of two crystallographically independent molecules [11(l) and 11(11)] in the 
asymmetric unit (complex 11 (1) is shown in Fig. 2.16, complex 11 (11) in Appendix 1). 
These two complexes have noticeably different conformations, and this is reflected in 
the c parameters for the five-coordinate titanium centres, being 
0.50 and 0.37 for 
molecules I1 (1) and 11 (11) respectively (Table 2.3). As observed 
for 9, the twoC2N2Ti 
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chelate rings are folded differently. In molecule 11 (1), the central N(l) lies 0.14 A out of 
the rest of the N(I)/N(4) chelate ring but ca. 0.64 A out of the N(I)/N(14) chelate. In 
11(11) more comparable folds of ca. 0.35 and. 0.22 A are seen for the N(1')/N(4') and 
N(I')/N(14') chelates respectively. Hence similarly to 9, the bis(benzimidazolyl) ligand 
in each complex has a folded geometry, with y being 136' in molecule 11(l), and 
142' in molecule 11(11). Another noticeable difference between molecules 11(l) and 
11(11) lie in theC(Ph)-N(l)-Ti-N(40) torsion angle which is ca. 2' in molecule 11(l) and 
ca. 15' in molecule 11(11), a disparity presumably a consequence of the differing 
distortions of the five-membered chelate rings involving the N(l) atom. 
Comparing the metal-ligand bond lengths in molecule 11(l) and 11(11) reveals 
significant differences between Ti-N(I) [2.4373(14) and 2.4241(14) A in 11(l) and 
respectively] and Ti-N(14) distances [2.0235(14) and 2.0410(14) A for 11(l) and 
11(11) respectively] (Table 2.1), otherwise similar bond lengths are observed. It is worth 
noting here that the Ti-N(l) in 11(l) and 11(11) are over 0.09 A longer than in 9 which 
could be the result of steric as well as electronic factors. In each molecule the angles at 
the N(l) atom are only slightly distorted from ideal tetrahedral, being in the range 
103.84(9) - 114.02(13)' in 11(l), and 100.77(9) - 113.49(14)' in 11(11). 
Crystals of the [N, N(2,6Me2Ph), N]Ti(NMe2)2 12 suitable for X-ray analysis were grown 
by slow diffusion of pentane into a toluene solution. Although X-ray analysis of the 
crystals of 12 again revealed two crystallographically independent complexes [12(l) and 
12(11)], unlike the situation seen for 11 here in 12 the two complexes have essentially 
the same conformation (complex 12(l) is shown in Fig. 2.16. c and complex 12(11) in 
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Appendix 1). The r parameters for the two complexes are 0.16 and 0.18 for molecules 
12(l) and 12(11), respectively, indicating a square-based pyramidal structure (Table 2.1) 
with N(40) as the apical atom and the titanium lying ca. 0.35 A [0.34 A] out of the 
{N(l), N(4), N(l4), N(30)j plane (which is coplanar to within ca. 0.08 A [0.06 A]) in the 
direction of N(40) [the values quoted first refer to molecule 12(l), whilst the second 
values, given in square parentheses, refer to molecule 12(11)]. 
Unlike the structures of 9 and 11, here in 12 the twoC2N2Ti chelate rings have similar 
distortions, giving the complex approximate mirror symmetry. For the N(I)/N(4) ring, 
N(l) lies ca. 0.90 A [0.91 A] out of the ITi, C(2), C(3), N(4)1 plane which is coplanar to 
within ca. 0.03 A [0.06 A], whilst for the N(I)/N(14) ring N(l) lies ca. 0.83 A [0.84 A] 
out of the fTi, C(12), C(13), N(14)1 plane which is coplanar to within ca. 0.02 A [0.01 
These folds can be viewed as the N(l) atom sitting above a plane containing the two 
benzimidazolyl moieties (y being only 175' [175']). 
The Ti-N bond lengths show a similar pattern to those seen in 9 and II with Ti-N(l) >> 
Ti-N(4)/N(14) > Ti-N(30) > Ti-N(40) (Table 2.1). In contrast, however, to the syn 
relationship between the apical amido N(40) and the substituent on N(l) seen for 9 and 
both complexes of 11, here in 12 the relationship is anti with the C(sub)-N(1)-Ti-N(40) 
torsion angle being ca. 177 [175.0']. This anti arrangement positions one of the methyl 
carbons of the 2,6-dimethylphenyl moiety close to the metal centre (2.97 A [2.98 A]) 
and trans to N(40). However, the crystal structure does not provide any evidence for an 
agostic interaction between any of the methyl protons and titanium. This arrangement 
also gives greater distortions in the tetrahedral geometry at N(1) than seen in 9 or 11, 
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with the angles here ranging between 97.67(7) and 125.40(8)' [97.85(8) and 
125.47(g)']. 
Crystals of [N, S, N]Ti(NMe2)2 13 suitable for X-ray analysis were also grown by slow 
diffusion of pentane into a CH202 solution of the complex. The crystal structure (Fig. 
2.17) showed the five coordinate titanium centre to have an intermediate geometry with 
aT value of 0.40, similar to those seen for 9 and the independent molecules of 11. 
SO) 
Bond Lengths (A) 
Ti-S(I) 2.6277(5) 
Ti-N(14) 2.0807(12) 
Ti-N(40) 1.8526(13) 
Ti-N(4) 2.0513(12) 
Ti-N(30) 1.8836(14) 
Bond Angles (') 
S(l)-Ti-N(30) 157.90(4) 
N(4)-Ti-N(14) 134.17(5) 
S(l)-Ti-N(40) 99.95(4) 
N(14)-Ti-N(30) 95.81(5) 
N(4)-Ti-N(40) 106.81(5) 
Fig. 2.17- Molecular structure of 13 and key bond lengths and angles (H atoms omitted for clarity). A full 
list of bond lengths and angles along with crystallographic parameters can be found in Appendix 1. 
The distortions of the two C2NSTi chelate rings are noticeably different. For the 
S(I)/N(4) ring, the sulfur lies ca. 0.42 A out of the f Ti, Q2), Q3), N(4)j plane (coplanar 
to within ca. 0.03 A), whilst for the S(I)/N(14) ring, the sulfur 
lies ca. 0.77 A out of the 
ji, C(l 2), C(I 3)5N(I 4)1 plane ( coplanar to within ca. 0.0 1 A), this results in 7 being ca. 
1541 (Table 2.3). Despite the change from N-R to S at the neutral donor of the [N, D, N] 
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ligand, the pattern of the titanium bond distances is the same as seen previously (Fig. 
2.17). Unsurprisingly, the Ti-S(I) bond is ca. 0.19 A longer than the equivalent bonds to 
N(l) in 11 and 12 (which range between 2.4241(14) and 2.4486(l 1) A). Similar to the 
syn conformation seen in 9 and 11 for the substituent on N(l) and the apical 
dimethylamido unit (and in contrast to the anti arrangement seen in 12), here the sulfur 
lone pair appears to be syn to N(40). The angles at the sulfur are 98.00(5), 99.91(5) and 
105.00(8)0, with the largest not involving the metal atom. 
Crystals of [N, O, N]Ti(NMe2)2 14 suitable for X-ray analysis were grown by slow 
diffusion of pentane into a THF solution. In stark contrast to the previous structures, the 
X-ray analysis of 14 revealed the metal to have a six-coordinate approximately 
octahedral coordination geometry (Fig. 2.18. a), with one of the previously non- 
coordinating benzimidazolyl imines serving as a link to an ad acent metal centre [at j 
2.393(4) A] forming an extended chain of molecules (Fig. 2.17. b). The octahedral 
coordination is significantly distorted from ideal, the cis angles ranging between 
71.71(15) and 112.10(17)' (the two most acute angles being associated with the bites of 
the C2NOTi chelate rings) and with trans angles of 144.62(17), 165.35(17) and 
173.48(17)' (Fig. 2.18). 
The chelate rings are much flatter than seen in 9,11,12 or 13 with all five atoms being 
coplanar to within ca. 0.05 and 0.03 A for the 0(1)/N(4) and 0(1)/N(14) rings 
respectively. The bis(benzimidazolyl) ligand as a whole, however, still has a slightly 
folded conformation with y being ca. 1680. One of the main features of the metal ligand 
bonding compared to the structures of 9,11-13 is that the Ti-0(1) bond of 2.140(3) 
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here is ca. 0.2-0.3 A shorter than those to N(l) seen in 9,11 and 12 such that the 
geometry at 0(l) is trigonal planar rather than tetrahedral [Ti-0(1)-C(2) 123.2(3)', Ti- 
0(l)-C(12) 123.1(3)' and C(2)-O(I)-C(12) 113.6(3)']. The change in the ligand 
configuration may be the result of more contracted 0 orbitals which may afford a 
substantial p1l to dfI donation between the 0 donor and the titanium centre. 
a) 
b) 
Bond Lengths (A) Bond Angles (') 
Ti-0(1) 2.140(3) 0(l)-Ti-N(30) 165.35(17) 
Ti-N(I 4) 2.091(4) 0(l)-Ti-N(40) 95.97(15) 
Ti-N(40) 1.889(4) N(4)-Ti-N(14) 144.62(17) 
Ti-N(4) 2.112(4) N(I 4)-Ti-N(I I A) 90-58(15) 
Ti-N(30) 1.903(4) N(40)-Ti-N(I 1 A) 173.48(17) 
Ti-N(I 1 A) 2.393(4) N(30)-Ti-N(40) 98.31(18) 
Fig. 2.18- Molecular structure of 14 and key bond lengths and angles (H atoms omitted for clarity). A full 
list of bond lengths and angles along with crystallographic parameters can be found in Appendix 1. 
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2.3.3.2 Solution-state Structure of [N, D, N]Ti(NMe2)2 Complexes 
Although the solid-state structure of [N, NMe, N]Ti(NMe2)2 9 is CI-symmetric (Fig. 
2.19), the 1H NMR spectrum indicates a C, -symmetric complex in solution, with a 
slightly roofed doublet of doublets for the methylene bridge protons H(a) and H(b) 
which are diastereotopic by virtue of the central amine coordinating to the metal centre. 
Additionally the NMe2 ligands are inequivalent and appear as two singlets. The 1H 
NMR spectrum of [N, NBn, N]Ti(NMe2)2 10 and [N, NPh, N]Ti(NMe2)2 11 show similar 
features and are consistent with the complexes being C, -symmetric in solution. 
ArH 
I11 
7.6 7.2 
Me 
Me2N(a) H(a) 
H(b) 
NN 
N -T 
Me2N(b) 
H (a) H (b) 
N(a)Me, N(b)Me 
Me 
IIIIIIIIIIIIIIIIIIIIIIIIIII11 
8.0 7.0 6.0 5.0 4.0 3.0 PPM 
Fig. 2.19-1H NMR spectrum of I (CD2CI2) 
Contrastingly, the room temperature'H NMR spectrum of 12, in which the steric bulk of 
the amine substituent is further increased to 2,6-dimethylphenyl revealed singlet 
resonances for the methylene bridge and dimethylamido protons suggesting either an 
averaging process or complete dissociation of the central nitrogen occurs in solution. 
When the temperature was decreased, gradual broadening of the signals for the bridging 
protons H(a)/H(b) and N(a)Me2/N(b)Me2 was observed (Fig. 2.20). As a result, at 233 K 
two distinct signals were observed for H(a) and H(b) as well as for N(a)Me2 and 
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N(b)Me2, the spectrum now resembling those of 9-11 at ambient temperature. Hence, it 
is likely that at this temperature the central N is bound to titanium centre. Upon further 
cooling additional dynamic processes became apparent. At 243 K, the signal for 
Me(a)/Me(b) broadened and decoalesced into two singlet resonances at 203 K. This 
implies restricted rotation about the N-aryl bond causing the methyl aryl groups to 
become chemically inequivalent (cf molecular structure in Fig. 2.16. c). In a similar 
temperature range, one of the dimethylamido signals N(a)Me(a) also decoalesces into 
two singlet resonances, suggesting that it too has restricted rotation. It may reasonably 
be assumed that this dimethylamido corresponds to the one closest to the bulky aryl 
substituent. 
In the light of these results, complexes 9-11 were examined by VT 
1H NMR over the 
temperature range 303-378 K in toluene-d8. No line shape broadening was observed 
indicating that the central nitrogen is strongly bound to the metal centre in each case. It 
is hence believed that the presence of the additional methyl substituents in 12 are 
responsible for the observed hemilability of the neutral donor. 
The energetics of the coalescence processes identified in the 
1H NMR spectra of 12 
were obtained using the WIND NMR dynamic NMR simulator 
65 ; the activation 
parameters are tabulated in Fig. 2.21. 
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273K 
. ........ ...... --- Process 2 
Me (b) Me (a) 
263K 
N(a)Me2 N(b)Me 2 N(a) 
253K 
............ Me(b) 
H (a) N 
N H(b) 243 Kj 
. .......... ...... 
Me2N(b) 
233K 
223K 
...... . ..... I 
Process 3 
Me(b)t Me(a) 213K Nit. 
N(a) Me(a) 
203K_ý 
. ..... . ................ .... . .... ....... L Me(b) 
H(a) 
193 N H(b) 
N(b)Me, 
N(a)Me(a) N(a)Me(b) 
Ia H(b) Me(a) 
Me(b) M e2N(b) 
18 3 Kýj 
H), 
k ), k_ 
II,, ''T'. II........... -, --, --T- 
,---, 1 
5.00 450 4.00 3.50 300 
2,50 Ppfn 
Fig. 2.20 - Scheme illustrating the 
dynamic processes taking place in 12. The 1H NMR spectra (toluene- 
Q of 12 is shown from 183 - 303 K. 
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6 
4 
Process. Exchange AHI (kJ/mol) ASI ()/K. mol) AW298K (kJ/mol) kobs(298K) (10's-') 
I H(a)/H(b) 73±2 84±6 
_ 
49±3 20 
I N(a)Me2/N(b)Me2 67±1 60±3 50±1 13 
2 Me(a)/Me(b) 39±1 -12±6 43±4 208 
3 NMe(a)/NMe(b). 34±1 -34±5 46±3 64 
Fig. 2.21 - Eyring plots and activation parameters for the exchange of H(a)/H(b) (A), N(a)Me2/N(b)Me2 
(0), Me(a)/Me(b) (EI), and N(a)Me(a)/N(a)Me(b) (o) in 12. 
Large positive ASI values were calculated for the exchange of the methylene protons 
H(a) with H(b) and of N(a)Me2 with N(b)Me2 indicating that the transition state is less 
ordered than the ground state and implying a dissociative mechanism. Since both ASI 
values are found to be similar to one another, it is proposed that the averaging of these 
two enviromnents are part of the same process (Process I in Fig. 2.20) corresponding to 
Ti-N bond cleavage and subsequent vertex inversion 66 of the bridging nitrogen. 
Presumably the transition state would involve passage through a trigonal transition state 
for the central nitrogen which would have an sp 
2 configuration, and where its lone pair 
electrons possess pure p character. Presumably the geometry of the transition state of 
the metal complex would be tetrahedral with the bis(benzimidazolyl) ligand being 
planar. At lower temperatures, the central N is bound to the metal and the rotation of the 
2,6-dimethylphenyl substituent (process 2) is restricted due to a steric clash with the 
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closest amido group N(a). Reciprocally, the rotation of N(a) (process 3) becomes 
restricted due to the steric hindrance created by the aryl substituent (Fig. 2.20). Negative 
ASI values are found for processes 2 and 3, consistent with more ordered transition 
states. The rate of all three processes is evidently fast at room temperature (kobs(298K) > 
1 04s1). 
The 1H NMR spectrum of [N, S, N]Ti(NMe2)2 13 at 293K includes signals similar to 9, 
which indicates that the sulfur is bound to the metal centre. However, unlike 9, on 
increasing the temperature the dimethyl amido N(a)MC2/N(b)Me2 and methylene 
H(a)/H(b) signals begin to broaden. At 378 K, single peaks were observed for both 
environments (Fig. 2.22) suggesting rapid exchange. 
Activation parameters were calculated for this process and are tabulated in Fig. 2.23. 
Very small positive ASI values were found pointing toward a dissociative mechanism. 
We believe that this process corresponds to the exchange of the lone pairs involved in 
the covalent S-Ti bond. The transition state would correspond to a complex where the 
[N, S, N] ligand is perfectly planar (hence the equivalent signals for H(a)/H(b) and 
N(a)Me2/N(b)Me2) and where the sulfur donor might maintain a weak interaction with 
the titanium centre via donation of electron density from its lone pairs into empty 
d 
orbitals of appropriate symmetry. The rate of this process 
(kobs(298K) = 3xI 03 S-1) is 
significantly slower than the comparable process in 12. 
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Transition State 
Me 2N(a) 
H(a) 
H (b) 
Me2N(b) 
-J 
H(a) 
i(b) 
1H NMR for 12-. 
N(a)/N(b) 
378K 
H(a)/H(b) 
N(a)/N(b) 
H (a) H (b) 
353K 
N (a) N(b) 
H (a) H (b) 
293K 
4.0 3.0 
PPM 
Fig. 2.22 - Scheme illustrating the exchange of the lone pairs of the S involved in the covalent bond with 
Ti. The 1H NMR spectra (toluene-d8) for 13 is shown at ambient and high temperatures. 
2 
0 
-4 
-5 
Exchange AW (kJ/mol) ASý (J/K. mol) AGI 298K (kJ/mol) kobs(298K) (10's-') 
H(a)/H(b) 
N(a)/N(b) 
73 ±2 
72± 2 
8±6 
7±6 
70±4 3 
70±4 3 
Fig. 2.23 - Eyring plots and activation parameter for the exchange of H(a)/H(b) (A) and N(a)/N(b) (0) in 
13. 
For [N, O, N]Ti(NMe2)2 14, the lH NMR spectrum at room temperature (Fig. 2.27) 
includes only one signal for the bridging protons H(a)/H(b) and for the amido 
N(a)Me2/N(b)Me2groups, which implies that in solution the complex is monomeric and 
C2v-Symmetric with the bis(benzimidazolyl) ligand being planar. On cooling in 
CD2CI2, 
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complex NMR signals were observed which may suggest reaggregation of the complex 
as seen in the solid-state structure. In THF-d8, although line broadening was observed at 
low temperature, it was insufficient to be treated by line shape analysis. 
We 
Me2N H 
N0N 
-T N/i -Ni::: 
5 
Me2 N 
ArH 
II -T- 1 
7.6 7.0 
CH2 
** 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII11 
8.0 7.0 6.0 5.0 4.0 3.0 2.0 PPM 
Fig. 2.24-lH NMR spectrum of 14 (THF-d8*) at 25 'C. 
2.4 Ethylene Polymerisation Studies 
Activation of amido complexes requires an alkylating agent as part of the co-catalyst. 
Combinations of triisobutylaluminium (TIBAL) and trimethylalurninium (TMA) with 
methylaluminoxane (MAO) or dry-methylaluminoxane (DMAO)67,68 have commonly 
been used with early transition metal complexes. 69 To determine the optimum 
conditions for these benzimidazolyl catalysts, [N, NEt2]Ti(NMe2)3 2 was evaluated for 
ethylene polymerisation using each combination of alurninium reagents. 
Pre-catalyst 2 was tested for the polymerisation of ethylene by first injecting the 
alkylating agent into a Schlenk containing a toluene solution of pre-catalyst. After 15 
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min, the co-activator was added and ethylene was then fed continuously at 1.5 bar for 
30 min. 
2.4.1 Optimisation Studies Using 2 
Table 2.4 - Optimisation of ethylene polymerisation using 2. ' 
Run Pre-cat. 
loading 
(Rmol) 
Alkylator 
[loading 
(mmol)] 
Co-catalyst 
[loading 
(mmol)] 
Temp. 1 
(0c) 
Yield 
(g) 
i Activity' I MnC 
(kg/mol) 
C MW 
(kg/mol) 
Mw/Mn 
40 TMA (0.4) MAO (8) 25 1 0.12 4.0 11.2 263 23.5 
2 40 TIBAL (0.4) MAO (8) 25 1 0.18 6.0 7.2 235 32.6 
3 40 MAO (8) 25 0.16 5.3 10.9 221 20.3 
4 . ................. 40 . .................. ................................... TMA (0.4) ............. ................................ ........... DMAO (8) ...... .......... ............. 25 0.20 ............... ................. 6.7 ............................................... ........ 20.4 .. --- ............................... 525 . ............................... . .......... 25.7 ........................... ........ 
5 40 TIBAL (0.4) DMAO (8) 25 0.50 16.7 27.0 409 15.1 
6 20 TIBAL (0.2) DMAO (4) 25 1 0.30 20.0 57.5 813 14.1 
7 20 TMAL (0.4) DMAO (4) 25 
. .... . . 
0.23 
.......... ..................... 
15.3 
........ ....................................... 
19.5 
....................................... 
297 
... .............. ............................ 
15.2 
.... ......... .................... ........................... 8 ............... ...... .......... .. 10 ......................... I ........................... I ........... T113AL (0.2) ............. ........................................... DMAO (2) 25 .... *'*'*"*"* ....... ... . ... . 0.14 . 18.8 48.7 434 8.9 
9 10 TEBAL (0.2) DNIAO (2) 45 0.24 32.2 19.8 262 13.2 
10 10 TIBAL (0.2) DMAO (2) 60 0.40 53.7 12.8 161 12.6 
I1 10 TIBAL (0.2) DMAO (2) 75 0.50 67.1 9.7 81.2 8.4 
12 10 TIBAL (0.2) DMAO (2) 90 0.35 47.0 6.5 42.5 6.6 
Tolymerisation conditions: Schlenk, toluene (100ml), 1.5 bar ethylene, 30 min. 'Activities g/mmol-bar-h. 
"Determined by high-throughput GPC. 
a) b) 
-J 
07 
TIBAUDMAO 
0.5 TIBAL/MAO,, 
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Fig. 2.25 - GPC traces for polyethylene samples produced a) using 
different co-catalysts, and b) over the 
temperature range 25 - 90 'C. 
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Results are shown in Table 2.4. When MAO was used as the co-catalyst with either 
TMA or TIBAL very low activities were observed (4-6 g/mmol. h. bar, runs 1-3). In 
contrast, when DMAO was used as co-catalyst, the added alkylating agent was found to 
have a significant effect on the activities, with TIBAL giving significantly higher 
activities than TMA (cf run 4 and 5). Nevertheless an increase in TIBAL concentration 
was found to have a detrimental effect on the activities (runs 6,7). Interestingly, an 
increase in temperature was found to have a positive effect on the activities (runs 8-12) 
with the best activities obtained at 75 'C (67 g/mmol. h. bar). 
The molecular weight (M,, ) of the polyethylene formed using 2/MAO was ca. 10,000 
Da. with broad polydispersity indices (PDI) in all cases. Using DMAO as co-catalyst, 
the molecular weight is increased and with slightly narrower PDls (Fig. 2.25. b). Using 
TMA gave an increased PDI when compared to TIBAL (Fig. 2.25. b). While changing 
the loading of alkylating agent (run 6-7) notably altered the molecular weight, 
indicating that the trialkyl aluminum compound acts as a chain transfer agent. 
Unfortunately this could not be confirmed by the 
13Cf 'HI NMR of the polymer as no 
end-groups could be detected. Molecular weights and PDIs decreased as the temperature 
was raised (Fig. 2.25. b). 
2.4.2 Screening of [N, D]Ti(NMe2)3and [N, D12Ti(NMe2)2Complexes 1-7 
Using the optimised conditions found for 2, the bidentate and bis-bidentate complexes 
1-7 were all found to be moderately active for ethylene oligomerisation 
(Table 2.5). No 
clear effect of the neutral donor was observed, although the 
bis-bidentate complexes 6 
and 7 were found to have slightly lower activities than their 
bidentate analogues. This is 
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similar to what Lappert, and co-workers 46 observed in their study (section 2.3) of LX 
and LXI. Complexes (1-4,6 and 7) afforded molecular weight (M,, ) in the range 7-11 
kg/mol with PDls in the range 7.1-9.2. 
Table 2.5 - Ethylene polymerisation results using complexes 1-7. 
Run Pre-cat. I Yield 
(g) 
Activity" I M, C 
(kg/mol) 
mw C 
(kg/tnol) 
Mw/Mn 
13 0.50 67.5 7.5 56.1 7.5 
11 2 0.50 67.1 9.7 81.2 8.4 
14 3 0.52 69.4 7.1 50.5 7.1 
15 4 0.58 77.6 11.1 102 9.2 
16 6 0.25 33.6 9.2 73.9 8.2 
17 7 0.41 54.5 8.8 62.5 7.1 
'Polymerisation conditions: Schlenk, 10 [tmol cat., 20 equiv. TIBAL, 200 equiv., DMAO, 
toluene (100 ml), 1.5 bar ethylene, 75 'C, 30 min.. b Activities g/mmol-bar-h. 'Determined by 
high-throughput GPC. 
2.4.3 Screening of [N, D, N]Ti(NMe2)2Complexes 9-14 
Ethylene polymerisation results for the tridentate bis(benzimidazolyl) [N, D, N] titanium 
complexes are collected in Table 2.6. 
Table 2.6 - Ethylene polymerisation results for complexes 9-14 
Run Pre-cat. ' Yield PE 
(g) 
Activity' M", 
(kg/mol) 
w U M 
(kg/mol) 
MwIMn 
18 9 0.04 4.6 
19 10 1 0.03 4.0 
20 11 0.05 6.6 
21 12 0.06 8.6 
22 13 0.41 54.5 10.0 87.0 8.3 
23 14 0.10 13.4 6.2 83.2 13.2 
Polymerisation c onditions: Schlenk test, 20 TIBAL, equiv. 200 equiv. DMAO, 
toluene (100 ml), 1.5 bar ethylene, 
b 75 'C, 30 min. loading 10 ýimol. 'Activities 
gPE/mmol-bar-h . 
d Determined by bi gh-throughput GPC. 
Catalysts with a central nitrogen donor 9-12/TIBAL/DMAO gave only low activities (4- 
9 g/mmol. h. bar). In contrast, the sulfur containing catalyst 13/TIBAL/DMAO was an 
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order of magnitude more active (55 g/mmol. h. bar). Changing the heteroatom to oxygen 
14/TIBAL/DMAO returned an activity slightly higher than the nitrogen containing 
catalysts. Insufficient polymer for GPC analysis was isolated using 9-12. The oxygen 
and sulfur containing catalysts both gave polymer of low molecular weight with 
relatively broad PDI's. The 13q 'HI NMR of the polymer generated by 
13/TIBAL/DMAO revealed that only saturated end-groups could be detected, consistent 
with chain transfer to aluminium as the termination. 
The remarkable increase in activity obtained with the soft sulfur containing catalyst 
compared to the catalysts with harder oxygen and nitrogen donors is in agreement with 
a study by Gibson and co-workers' where titanium phenoxyamide catalysts gave much 
improved activities with pendant sulfur donors rather than pendant oxygen or nitrogen 
donors (XXI, Fig. 2.26). It is of note that phosphorus containing catalysts gave even 
better activities, a bis-benzimidazolyl catalyst with a central phosphine donor would 
hence be an attractive future target. 
tB 
Bn 
tBu 
(F 
N OPh N N-'J 
N 
N SPh N PPh2 
w7 
Fig. 2.26 - Reported complexes XXI. 
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The effect of introducing a sulfur donor (XX shown in Fig. 2.27) into bis-phenoxide 
catalysts has been explored experimentally by van der Linden and co-workers 20 with 
significantly higher activities recorded for the sulfur bridged catalyst compared to its 
methylene bridged analogues (IX shown in Fig. 2.27). The origin of this effect was 
investigated theoretically by Froese and co-workers 21,22 who predicted that the 
hemilability of the sulfur donor contributed to a lower ethylene insertion barrier. 
Although care must be taken when extrapolating structural features of a pre-catalysts to 
the active species, the central amines in 9-11 and oxygen donor in 14 are all known to 
be strongly coordinated to the metal centre. In contrast, the sulfur donor in 13 is known 
to be hemilabile, especially at 75 'C. The central nitrogen in 12 is very labile effectively 
giving a bidentate bis-benzimidazolyl ligand at high temperature. Hence, if we consider 
that similar hemilabile characteristic would be taking place during polymerisation for ý9- 
14, at 75 'C the sulfur in 13/TIBAL/DMAO would have the right hemilabile character 
in order to lower the ethylene insertion on the metal centre, resulting in an improved 
catalytic activity. 
R to'. . 
x / 
x 
R= Me, Et 
X= Cl, CH2Ph 
L-P %A 
IX'o D= CH2 
y tX20 D=S 
Fig. 2.27 - Reported complexes IX and XX 
bearing bis(alkoxides) based ligands. 
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2.4.4 Towards Titanium Alkyl and Halide Derivaties 
1H NMR scale reactions were carried out in which various amounts of TMA or TIBAL 
were reacted with 2. Although in all cases a mixture of products was observed, the 
reaction with TIBAL afforded significantly cleaner reactions. Trialkyl aluminium 
compounds can act as reducing agents for titanium generating less active complexes. 70 
Alternatively, ligand transfer reactions from titanium to aluminium could occur. 71,72 As 
observed for complexes bearing phenoxyimine type ligands, 73 the steric bulk around the 
metal centre could play a key role in protecting the active species from such secondary 
reactions. 
Attempts were made to access Ti-chloro pre-catalysts using trimethylsilyl chloride as 
well as boron trichloride, however, only intractable mixtures of products were formed. 
- 
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2.5 Summary and Conclusions 
Aiming at the development of titanium based catalysts supported by benzimidazolyl 
ligands, complexes bearing bidentate, bis-bidentate and tridentate benzimidazolyl units 
have been synthesised using Ti(NMe2)4as a precursor. 
Different fluxional processes were observed with each class of complex, 1H NMR data 
suggests that [N, D]Ti(NMe2)3 complexes undergo rapid exchange of the axial and 
equatorial NMe2 ligands. The structure of the [N, D12Ti(NMe2)2 complexes depended on 
the nature of the neutral donor with N and S donors giving CI-symmetric structures and 
0 donors giving C2 symmetry. Additionally, when the neutral donor was N or S they 
were found to be highly fluxional in solution, which is believed to arise from the 
dissociation of one (or both) of the weakly bound neutral donors. While attempting to 
synthesise a complex bearing NEt2donors a remarkable reaction takes place in which a 
52,53 
three-membered ring f Ti, C, NI metallocycle is formed . 
Characterisation of [N, D, N]Ti(NMe2)2 complexes by X-ray crystallography revealed 
how several structural parameters vary with the nature of the central donor. The 
behaviour of these complexes is solution further confin-ned the importance of the central 
donor with bulky nitrogen and sulfur donors being hemilabile whereas smaller nitrogen 
and oxygen donors were strongly bound to the metal. Variable temperature 
1H NMR 
analysis allowed the determination of the hemilability activation energies. 
Optimisation of ethylene polymerisation conditions revealed that the combination of 
TIBAL as the alkylator and DMAO as the co-catalyst was found to be most suitable. 
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However, only moderate activities could be obtained. The highest ethylene 
polymerisation activities were observed for [N, S, N]Ti(NMe2)2 complex 13. This 
suggests that the hemilability of the neutral donor may have a significant impact on the 
ethylene polymerisation performance of these catalysts. 
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3.1 Introduction 
In our laboratories, it was recently discovered that vanadium complexes bearing the 
bis(benzimidazolyl)amine ligand (Fig. 3.1) show very high activities for ethylene 
polymerisation when activated with DMAC in the presence of reactivator. 
Me 
I 
N==ý NH I- 
N-V- 
nPrO/11\OnPr 
0 
Me 
HN--ý NH 
N-V-N 
cl 
/J\ 
cl cl 
Fig. 3.1 - Bis(benzimidazolyl) vanadium complexes. 
' 
Hence it was decided to investigate the effect of changing the ligand's central 
substituent on ethylene polymerisation. This Chapter describes the synthesis of 
vanadium metal complexes containing a range of single bis(benzimidazolyl) ligands. An 
evaluation of these complexes for ethylene polymerisation will be presented as well as 
the detailed mechanistic implications for olefin polymerisation by vanadium catalysts. 
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3.2 Synthesis of Benzimidazolyl Vanadium Complexes 
3.2.1 Additional Bis(benzimidazolyl) Pro-ligands 
As part of a wider study on vanadium catalysts within our laboratories, a range of 
2 benzimidazolyl containing [N, D, N]H2pro-ligands were targeted (Fig. 3.2). Compounds 
L12-LI5 bearing N-substituents with different steric properties were targeted, as well as 
L16-LI8 which are expected to influence the coordination geometry of the ligand and 
finally compound L19 with methylated benzimidazolyl units. L12-LI7 were 
synthesised using the procedure described in Chapter 2 (Scheme 2.2) and L12-L15 were 
kindly provided by Dr. J. Chirinos; L18 and L19 were synthesised using literature 
procedures 3,4 and were kindly made available by Dr. A Tomov. 
H 
N 
L18t 
No. D 
L12* N'Hex 
L13* N(CH2)3Ph 
L14* N'Pr 
L15* NCy 
L16 CH(CHO 
L17 NCH2(2-benzimidazole) 
Me Me 
N 
NN Me 
L19t 
Fig. 3.2 - Additional [N, D, N]H2pro-ligands L12-L19. 
We were also interested in synthesising bis(benzimidazolyl) compounds substituted at 
the 5,8-positions of the benzene rings of the benzimidazolyl units. However, the 
* Compound provided by Dr. Juan Chirinos 
Compound provided by Dr. Atanas Tomov 
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methodologies used for the synthesis of [N, D, N]H2 L6-LI7 were unsuccessful. For 
instance, when 5,8-diphenyl(1,2-phenylenediamine) was reacted with 
(methylamino)diacetic ester (see Scheme 2.2. iji and iii), an intractable mixture of 
products was obtained as well as un-reacted starting material. Microwave irradiation has 
been used to improve the yields of organic reactions. 5 However in this case only starting 
material was recovered (Scheme 3.1). It seems the additional aromatic delocalisation 
caused by the 3,6-aryl substituents substantially reduces the reactivity of the diamine. 
Further studies into alternative synthetic routes are required if substituted 
benzimidazoles are to be obtained. 
Ph 
NH2 
NH2 
0 
We 
EtO D 
2 
0 
No Reaction 
Scheme 3.1 - Attempted synthesis of a 3,6-diphenyl substituted benzimidazolyl compound using 
microwave irradiations. Reagent and Conditions: i) 200 Watt irradiation for 90 min. 
3.2.2 Synthesis of Benzimidazolyl Vanadium(V) Oxo Complexes 
The vanadyl alkoxide VO(O"Pr)3 is a relatively stable and easily purified source of 
vanadium, which reacts readily with pro-ligands containing acidic protons. 6-9 
Furthermore, the resulting diamagnetic vanadium(V) complexes can be studied by 
NMR spectroscopy. The reactions Of VOPT03 with benzimidazolyl pro-ligands L6- 
L18 were initially explored using NMR scale reactions (THF-d8, Table 3.1). The 
1H 
NMR spectra of the reaction between L6-L7 and L12-LI5 with I equiv. of VO(O"Pr)3 
gave a single product and included one equivalent of propanol indicating that one 
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benzimidazolyl unit acts as a monoanionic donor whereas the other benzimidazolyl unit 
binds in a neutral fashion. When the reaction was attempted with the bulkier pro-ligands 
ý[N, NPh, N]H2L8 or [N, N2,6-Me2Ph, N]H2L9, or those containing oxygen and sulfur 
donors (LIO and L11), no reaction was observed. The reaction with L17 and L18 gave 
a green precipitate which was insoluble in common solvents (THF, CH202, CHC13, 
C6H6)- 
Table 3.1 - NMR scale reaction between L6-L7 and L12-LI5 with I equiv. Of VO(O"Pr)3- 
NMR reactions 
Successful Mixture No reaction 
[N, NMe, N]H2L6 [N, NCH2Benz, N]'Ll7 [N, Ph, N]H2L8 
[N, NBn, N]H2L7 [N, Pyr, N] L18 [N, N(2,6Me2Ph), N]H2 L9 
[N, N'Hex, N]H2Ll2 [N, O, N]H2 LIO 
[N, N(CH2)3Ph, N]H2Ll3 [N, S, N]H2 Lll 
[N, N'Pr, NIH2Ll4 [N, CH(CH3), N]H2LI6 
[N, NCy, N]H2LI5 
'Benz = 2-benzimidazole 
When repeating the successful NMR reactions on a preparative scale, complexes 15-17 
were obtained in good yields (Scheme 3.1). However synthetic challenges were 
encountered when the reaction was attempted using L13-LI5 (to give complexes 18- 
20). During work-up an additional insoluble deep green precipitate was obtained. A 
range of solvent and temperatures was investigated to improve selectivity but the yield 
of the desired product was unaffected. Furthermore, reactions with other vanadyl 
precursors (VO(O'Pr)3, VO(OE03 and VO(OMe)3) gave no significant changes. 
Nevertheless, complexes 18 and 19 were obtained in small yields by recrystallisation. 
During recrystallisation, a small amount of the insoluble product was also 
formed 
suggesting that its formation could be the result of complex 
decomposition. 
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R 
I 
-- N N Ný 
Vý 
NH 
VO(OnPr)3 ý/ NH 
+ NR N-V-N 
c 
r/n 
n PrO 00 Pr 92 11 
)rb 
Comp. R Yield% 
15 Me 80 
16 Bn 80 
17 'Hex 60 
18 N(CH2)3Ph 8 
19 i Pr 4 
20 Cy - 
Scheme 3.2 - Synthesis of [N, NR, N]VO(O'Pr)2 15-20. Reagents and Conditions: i) THF, -78 to 25 'C 
over 3 h, ii) Pentane 
These findings suggest that in order for the reaction to proceed, the ligand needs to meet 
certain steric and electronic requirements. Comparing the reactivity of [N, NMe, N] L6, 
[N, S, N] LIO, [N, O, N] Lll and [N, CH(Me), N] L16 suggests that the nature of the 
central substituent (D) plays a key role; indeed it appears that D needs to be able to 
coordinate to the metal centre since no reaction was observed when L16 was used, but 
additionally the nature of the central donor needs to match the metal's requirements, as 
a clean reaction was observed with L6 and no reactions were observed with both LIO 
and L11. * Additionally it seems that the nature of the substituent on the central N has an 
important impact on both the reactivity and stability of the resulting complex. Hence 
when comparing the reactivity of L6-L9 and L12-LI5, if the substituent is too bulky 
(L9), coordination of the central N is impeded and the reaction doesn't occur. 
Furthermore resulting from the increased steric bulk on passing from Me L6 to 
'Pr L 14, 
* Unpublished work in our laboratories has shown that phenoxyimine 
ligands bearing an additional 
pendant arm containing S, 0 donors did not react with 
VO(O'Pr)3whilst with aN donor the reaction took 
place cleanly. 
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the vanadium amine bond is likely to be weakened, destabilising the complex and 
leading to decomposition. Surprisingly although the steric bulk of phenyl substituted 
ligand L8 is comparable toPr L14 it does not react. This may be the result of a more 
delocalised N lone pair in L8 which is less available for coordination. 
In addition to elemental analysis, complexes 15-19 were characterised by NMR 
spectroscopy, IR and X-ray crystallography. Full experimental details can be found in 
Chapter 5. Mass spectrometry proved unhelpful with only the ligand's molecular ion 
observed. The IR spectra of 15-19 include a characteristic V=O stretching frequency 
between 969 and 974 cm-1 (Fig. 3.3. b). A series of four sharp bands are observed above 
2800 cm-1 which are attributable to both 1j(NH) and i)(CH). When compared to the 
spectrum of the free ligand (Fig. 3.3. a-top spectra), a characteristic shift is observed for 
the C=N and C=C stretching bands as well as for the out of plane deformations 6(NH), 
which indicate that these bonds are strengthened by the chelation of the 
bisbenzimidazolyl to the metal centre. 
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b) 
1)(V=O) Complex 
(cm-1 
1588 
rip 
15 970 
1619 1588 
v(C=C, C=N) 1524 16 974 
30641 17 969 
2969ý 1455 
2879 6(NII) 
1271 6(CN) 6(CH) 18 974 
%T N, (NH, CH) 11 4A 31 A 14 1 749 4 1413 
19 973 
2849 
1608 1594 
1473 
2959 2870 v(C=C, C=N) 
2918 
1496 147-11 
v(NH, CH) 1269 
1448 6(CN) 748 
6(NH) 6(CH) 
970 V(V=O) 
3700 3000 2000 1500 1000 600 
CM-1 
Fig. 3.3 - a) Infrared spectra of L6 (top) and 15 (bottom), b) i)(V=O) stretching frequencies for 15-19. 
The IR of the insoluble product obtained during the reaction of L14 with VO(O'Pr)3 
shows a much weaker V=O stretching intensity at 975 cm-1 (Fig. 3.4), which suggests 
that its formation may affect the V=O bond. Alternatively loss of the metal during 
work-up can not be excluded. 
%T 
3700 3000 2000 1500 1UUU Ovu 
CM-1 
Fig. 3.4 - Infrared spectra of 
insoluble product from the reaction of L14 and VO(On Pr)3- 
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3.2.2.1 Solid-state Structures of 15-19 
Crystals of 15,16,18 and 19 suitable for X-ray structural determinations were grown by 
cooling saturated THF/pentane solutions to 0 'C; the structures are shown in Fig. 3.5, 
selected bond length and angles are shown in Table 3.2. 
The structure of 15 reveals the complex to have a CI-symmetric distorted octahedral 
coordination geometry with cis angles in the range 74.45(5) - 105.55(6)', and trans 
angles of 155.42(5), 158.10(5) and 165.54(5)'. The [N, NMe, NIH ligand is coordinated 
in a facial manner with the two most acute cis angles associated with the bites of the 
[N, NMe, N]H chelate ligand. The benzimidazolyl nitrogens N(l) and N(4) are trans to 
the propoxides 0(3) and 0(2) respectively and the amine N(3) is trans to the oxo 
ligand. As a result, the metal centre lies at 0.35 A out of the JN(4), N(l), 0(2), 0(3)1 
plane (which is coplanar to within 0.02 A) in the direction of 0(l). The two five- 
membered VNC2N chelate rings in 15 have envelope conformations, with the amino 
nitrogen N(3) lying ca. 0.46 and 0.53 A out of the respective f C2N(l)Tij and 
ýCN4)Tij planes which are both coplanar to within ca. 0.05 A. The V-N(3) bond 
distance at 2.4401(13) A (Table 3.2) is longlo"' and can be attributed to the trans 
influence of the oxo. 12 The bond between the metal and the benzimidazolyl amide 
nitrogen V(I)-N(l) is shorter by ca. 0.03 A than the metal and the benzimidazolyl imine 
bond V(I)-N(4). The vanadium-oxo bond distance at 1.5959(l 1) A is in the typical 
range for V(V)-oxo bond distances. 
7,8,13-15 
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19) 
Fig. 3.5 - Molecular structures of 15,16,18 and 19 (H atoms omitted for clarity). 
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Table 3.2 - Selected Bond lengths and angles for 15,16,18 and 19 (a full list, along with 
crystallographic parameters, is tabulated in Appendix 1). 
Bond length (A) 
V(1)-O(I) 1.5959(11) 1.5881(18) 1.589(2) 1.594(2) 
V(I)-0(2) 1.8023(11) 1.7752(19) 1.791(2) 1.7993(19) 
V(I)-0(3) 1.7886(11) 1.797(2) 1.789(2) 1.7795(18) 
V(I)-N(4) 2.1315(13) 2.147(2) 2.155(3) 2.129(2) 
V(I)-N(l) 2.1005(13) 2.091(2) 2.095(3) 2-105(2) 
V(I)-N(3) 2.4401(13) 2.454(2) 2.474(2) 2.559(2) 
Bond angles 
15 16 18 19 
0(3)-V(I)-0(2) 98.96(5) 99.05(9) 99.85(11) 101.57(9) 
0(l)-V(I)-N(l) 95.47(5) 96.34(9) 95.71(11) 96.98(9) 
0(2)-V(1)-N(l) 87.69(5) 89.45(9) 87.13(10) 87.74(8) 
0(3)-V(I)-N(4) 87.39(5) 86.30(8) 87.44(10) 86.26(9) 
N(l)-V(I)-N(4) 78.53(5) 77.64(8) 78.45(10) 78.03(8) 
N(l)-V(I)-N(3) 74.45(5) 75.01(8) 72.68(5) 73.83(5) 
15 16 is 19 
The other V(V) complexes 16,18 and 19 have similar structural features; all the 
vanadium. -oxo bond distances remain virtually unchanged as do the V-N(1)/N(4) and V- 
0(2)/0(3) bonds. However significant differences are seen in the vanadium-amine 
[V(I)-N(3)] bond distances (2.4401-2.559 A), which increase with increasing steric 
bulk of the amine substituent. The size of this substituent also affects the 0(3)-V(I)- 
0(2) angle which increases from 98.96(5)' in 15 to 10 1 . 57(9)' 
in 19. 
3.2.2.2 Solution-state Structures of 15-19 
The 1H NMR spectrum of H[N, NMe, N]VO(O'Pr)2 15 (Fig. 3.6) shows two doublets for 
the methylene bridge protons (Ha/Ha')* consistent with the complex 
having C, 
symmetry in solution. This contrasts with the 
C, symmetry observed in the solid-state, 
* HMQC shows that Ha/Ha' are on the same carbon atom. 
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and suggests that in solution the monoanionic/neutral benzimidazolyl units can 
exchange at a fast rate relative to the NMR time scale. This process could occur by 
transfer of the amine proton to the non-coordinated imine nitrogen. Rapid proton 
exchange could also explain the absence of an NH signal in the 1H NMR spectrum. 
The propoxide methylene protons H(b)/H(b') show two distinct sets of signals 
consistent with them being diasterotopic. The splitting pattern observed is the result of 
coupling with each other and with H(c). The 1H NMR spectra of 16-19 have the same 
characteristics as the spectrum of 15. 
T-- 1 -7- F-II 
10.0 9.0 8.0 7.0 6.0 5.0 4.0 
3.0 2.0 1.0 PPM 
Fig. 3.6 - lH NMR spectrum of 15 
(CD2CI2*) 
The 51 V NMR spectra of 15-19 afforded resonances in the shift ranges -546 to -559 ppm 
consistent with V(V) centres. 
16-18 
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3.2.3 Synthesis of Vanadium(III) Chloride Complexes 
Due to the synthetic challenges encountered with the complexation reactions using 
VO(O"Pr)3 an alternative vanadium precursor was necessary. The complex VC13(THF)3 
is easily synthesised'9 and has been used for complexation reactions. 79 Hence by 
treating the corresponding pro-ligand with VC13(THF)3 in refluxing THF, the V(111) 
trichloride complexes 21-30 (abbreviated hereafter as H2[N, D, NIVC13 for 21,22 and 
24-29 and H2[N, D, N]VC13. THF for 23 and 30) were obtained after 16 h of reaction in 
high yield (ca. 70-90 %) as green to yellow precipitates (Scheme 3.3). 
VC13. (THF)3 
D---ý-NH HN (ý II 
N- 
I -N 
clýcj cl 
b 
21,22 and 24-29 23,30 
Complex D 
21 We 
22 NPh 
23 N(2,6-Me2Ph) 
24 0 
25 s 
26 N'Hex 
27 N(CH2)3Ph 
28 N'Pr 
29 NCy 
30_ CH(Me) 
Scheme 3.3 - Synthesis of H2[N, D, N]VC13(THF),, 21-30 
(n=O for 21,22 and 24-29, and n=1 for 23,30 
and H2[N, D, N]VC13. THF). Reagents and Conditions: i) THF, reflux, 16 h. 
Complex 31,32 and 34 were synthesised using the same methodology. Based on 
literature precedent 32 was expected to be cationic with CY as the counter anion. 
20,21 
Complex 33 bearing three monodentate benzimidazole ligands was obtained by reacting 
VC13(THF)3with 3 equiv. of benzimidazole*. 
* Commercially available 
i) 
N 
NH 
HH 
I jrD--yN 
N,, 
Cl c 
NN 
v 
cI --ý ý--Oc) 
cl 
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'00 
1000000 
cI 
(N(nN)3 = L17) 
H2[N, Py, N]VC13 31 
+ 
[H3[N, N, N, NIVC131+-[Cll- 32 
Me 
HN' 
H 
NN 
N---, N, 
I 'cl 
cl 
[CI] 
Me Me 
N N 
N-V N, /1\ 
6 
cl C, cl 
(H[Benz]3)VC13 33 [NMe, NMe, NMe]VC13 34 
Fig. 3.7 - Other benzimidazolyl vanadium(III) complexes 31-34. 
While less stable than the corresponding Cr(111) complexes 2,21-34 were found to be 
reasonably stable in the solid-state in air when compared to previously reported V(111) 
complexes bearing imidazolyl ligands. 22 All complexes were characterised by elemental 
analysis, IR spectroscopy and magnetic susceptibility measurements. Mass 
spectrometry did not return useful information. The elemental analyses on 23 and 30 
suggested that one molecule of THF was retained in the complex; this was confirmed 
for 23 by X-ray analysis. For 21-33 characteristic broad bands were observed above 
2900 cm-1 in the IR spectra (see Fig. 3.8) which are attributable to both o(NH) and 
i)(CH), and are shifted to higher wavenumbers when compared to the spectra for the 
pro-ligands. A similar shift is observed for the i)(C=N) and u(C=C) stretching bands as 
well as the out of plane deformation 6(NH) which indicates that, similarly to 15, these 
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bonds are strengthened when the bisbenzimidazolyl is chelated to the metal. Full 
experimental details for 21-34 can be found in Chapter 5. 
1619 15881 v 
v(C=C, C=N) 1524 
30 
2 1455 
2879 6(NH) 
v(NH, CH) 1271 
6(CN) 
%T 1434 1413 
1620 1539 
1595 
v(C=C, C=N) 1490 
2967 
3066 1270 
6(CN) 
3245 1474 
v(NH, CH) 
1454 
6(NH) 
3700 3000 2000 1500 1000 
cm-l 
Fig. 3.8 - Infrared spectra of L6 (top) and 21 (bottom). 
6(CH) 
'749 
752 
6(CH) 
600 
The magnetic susceptibility of the V(111) complexes 21-34 as measured by Evans' 
23-25 NMR-method*, diamagnetic contributions from the ligands were neglected . The 
complexes afforded magnetic moments in the range 2.7-2.9 BM, which is consistent 
with the spin only value of 2.83 BM for the expected two unpaired electrons in V(111) 
complexes. 
3.2.3.1 Solid-state Structures 
The growth of crystals suitable for X-ray structural determination was hampered by the 
limited solubility of the trichloro complexes in common organic solvents. Although 
soluble in polar solvents such as DMSO and DMF, their lifetime in these solvents was 
* Details of the methodology employed and the equations used to determine theujj, values are 
detailed in 
Chapter 5. 
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insufficient for crystal growth. Nevertheless complex H2[N, N(2,6-Me2Ph), NIVC13(THF) 
23 was found to be soluble in THF at elevated temperature which resulted in the growth 
of crystals suitable for X-ray analysis upon slow cooling. 
ý, Ik 1) 
Bond Lengths Bond Angles (') 
V(I)-O(Tl4F) 2.140(3) O(THF)-V(I)-N(l) 175.02(12) 
V(I)-N(l) 2.173(3) CI(l)-V(I)-N(4) 168.94(9) 
V(I)-N(4) 2.173(3) CI(2)-V(I)-CI(3) 173.36(4) 
V(I)-CI(2) 2.3158(11) N(l)-V(I)-N(4) 97.69(12) 
V(I)-Cl(l) 2.3274(11) CI(2)-V(1)-N(4) 89.91(5) 
V(I)-CI(3) 2.3773(11) CI(3)-V(I)-N(l) 91.03(9) 
Fig. 3.9 - Molecular structure of 23 (H atoms omitted for clarity) along with selected 
bond lengths and 
angles (a full list, along with crystallographic parameters, is tabulated in Appendix 1). 
The structure of 23 (Fig. 3.9) shows the metal to have a distorted octahedral 
coordination geometry where the bisbenzimidazolyl ligand is bidentate and a molecule 
of THF is bound to metal. The metal centre has cis angles in the range 
83.79(9) to 
98.12(4)0, and trans angles of 168.94(9), 173.36(4) and 175.02(12)'. 
The 
benzimidazolyl groups are bound through the imine nitrogens N(l) and N(4), and are 
trans to the THF oxygen (O(THF)) and CI(I) respectively, the remaining chlorines 
(CI(2)/CI(3)) are mutually trans. 
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The coordination of THF could be the cause or the result of the denticity of the 
bisbenzimidazolyl ligand. On one hand the THF molecule and the central amine could 
compete for a coordination site, with the THIF coordinating preferentially. On the other 
hand, due to steric constraints the ligand could prefer to bind in bidentate fashion 
regardless of the presence of THF; hence, in 23 the THF would merely occupy an 
existing vacant site. In order to resolve this matter, complex 23 with and without a 
coordinated THF molecule was modelled by Dr. Stefan Spitzmesser using DFT 
met os*; the optimised structures and selected bond lengths are shown in Fig. 3.10. 
Theoretical coord. THE 0.0 kJ/mol Theoretical non-Coord. THF: 5.4 U/mol 
Calculated Distances (A) 
V-N(amine) V-N(imino) V-Cl(trans) 
23 X-ray 4.180 2.173 2.327 
Coord. THF 4.265 2.386 2.292 
Non-coord. THF 3.855 2.292 2.258 
Fig. 3.10 - The molecular structure of 23 compared to theoretical structures with and without THE 
The energy calculated for the THF containing complex is significantly lower than for 
the complex without THE Moreover, in the absence of TFIF the calculated V-N(amine) 
distance is calculated as 3.855 A, which suggests that the central amine is not bound to 
* Details regarding the optimisation process can be found In Appendix 5 
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the metal centre. Hence it is believed that this bulky bisbenzimidazolyl ligand cannot 
coordinate its central donor to theVC13 fragment. 
Complexes 31 and 32 were found to be stable in DMF for extended periods of time. 
Unfortunately crystal growth was unsuccessful under a nitrogen atmosphere; 
nevertheless when exposed to air yellow and green crystals for 31 and 32 respectively 
were obtained. X-ray analyses revealed that in both cases the crystals contained a 
mixture of two different complexes. In addition to the V(111) complexes 31 and 32, 
V(IV) complexes bearing an oxo substituent 31' and 32' were detected in both cases 
(Fig. 3.11 and Fig. 3.12), this is believed to be the result of an oxidation by atmospheric 
oxygen or water. 
26 
, 
27 
N(31) 
0(30) 
Bond Lengths (A) Bond Angles (') 
V-0 1.6022(14) O-V-N(l) 179.06(6) 
V-N(l) 2.2340(12) CI(3)-V-N(l) 174.4(2) 
V-N(8) 2.1170(11) N(8)-V-N(I 7) 145.05(5) 
V-N(I 7) 2.1153(11) CI(l)-V-CI(2) 167.290(18) 
V-Cl(l) 2.3966(4) CI(l)-V-N(l) 84-51(3) 
V-CI(2) 2.3798(4) CI(2)-V-N(I 7) 85.94(3) 
V-CI(3) 2.236(10) CI(3)-V-N(8) 104.6(2) 
O-V-N(8) 108.36(6) 
Fig. 3.11 - Molecular structure of 
31131' (H atoms omitted for clarity) along with selected 
bond lengths 
and angles (a full list, along with crystallographic parameters, 
is tabulated in Appendix 1). 
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Complexes 31 and 31' have a distorted octahedral geometry with the tridentate 
[N, Pyr, N]H2 ligand as expected binding meridionally. The metal centre lies ca. 0.06 
out of the ýN(l), N(8), N(17)l plane in the direction of CI(l). The V-N(benz) and V- 
(Pyr) bond distances are comparable to those found in the closely related complex 
[H2[N, Pyr, N]V(IV)O. (H20)2]2+ (2.1170(l 1) and 2.1153(l 1) A, respectivel Y), 21 
additionally the V-0 bond is in the typical range for mononuclear V(IV)-oxo species 
26-28 (1.6022(14) A). 
C 1(2) 
H(6) 
N(6) ýýH(2) 
NO 
Uti) 
Bond Lengths (A) Bond Angles (') 
V-0 1.680(5) O-V-N(7) 173.36(18) 
V-N(I) 2.077(3) CI(3)-V-N(7) 175.7(2) 
V-N(3) 2.088(3) CI(l)-V-N(3) 161.96(8) 
V-N(5) 2.064(3) N(5)-V-N(l) 149.36(10) 
V-N(7) 2.379(2) CI(i)-V-O 101.10(7) 
V-Cl(l) 2.3631(9) CI(l)-V-CI(3) 98.6(2) 
V-CI(3) 2.173(6) 
N(5)-V-N(3) 85.41(10) 
N(7)-V-N(l) 75.38(10) 
Fig. 3.12- Molecular structure of 32/32' (H atoms omitted for clarity) along with selected bond lengths 
and angles (a full list, along with crystallographic parameters, is tabulated in Appendix 1). 
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A water adduct of the 32' structure has previously been reported. Although it was 
prepared using a different protocol the overall structural features are the same. 21 Both 
complexes 32/32' have a distorted octahedral geometry. V(I) lies ca. 0.06 A out of the 
ýN(l), N(5), N(7), O/Cl(3)j plane (which is coplanar to within ca. 0.05A). The 
tetradentate [N, N, N, N]H3 ligand has the benzimidazolyl units associated with N(I)/N(2) 
and N(5)/N(6) which are almost in a meridional configuration, which results in -y being 
168.20, while the benzimidazolyl unit associated with N(3)/N(4) lies almost 
perpendicular to the benzimidazolyl units associated with N(I)/N(2) and N(5)/N(6) with 
y being 91.7 and 97.7', respectively. Here, the three C2N2V chelate rings have similar 
distortions with N(7) lying ca. 0.060,0.086 and 0.068 A out of the 
ýN(l), C(7), C(8), V(l)j, jN(3), C(l5), C(l6), V(l)j and ýN(5), C(23), C(24), V(l)j plane 
(coplanar to less than 0.06 A) respectively. 
3.2.4 Attempted Synthesis of Vanadium Alkyl Complexes. 
As outlined in Chapter 1, the active species for vanadium based catalysts are thought to 
be vanadium (111) alkyls, hence reactions were attempted in order to access 
H2[N, D, N]V(111) alkyl complexes. V-alkyl species are typically very reactive and/or 
thermally unstable. 29-38 Nevertheless some success has been reported when using benzyl 
or neopentyl groups which prevent P-hydrogen elimination reactions as well as 
35,38-42 
disfavouring homolytic cleavage to give primary radicals. When 15 was treated 
with 3 equiv. of neopentylMgBr or benzylMgBr at -78 'C in THF the insoluble green 
precipitate of 15 became deep red and soluble. Upon warming to room temperature the 
reaction mixture turned purple suggesting decomposition. Attempted crystallisation of 
the purple product was unsuccessful. Hence the reaction was repeated keeping the 
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solution below -30 'C during the work-up in order to avoid decomposition reactions 
(Scheme 3.1). Unfortunately attempts to grow crystals were unsuccessful. 
Me 
I 
HN N--- ýINH 
N: 7/1 
CINb 
I 
Cl Cl I 
Me 
I 
-N NH HN 
3 RMgBr NN 
RR 
R= Benzyl, Neopentyl 
Targeted 
Scheme 3.1 - Attempted synthesis of vanadium alkyl complexes using Grignard reagents. Reagents and 
conditions: i) THF, -30 OC. 
43 
Stable Cr-bisaryl complexes have successfully been synthesised . Using this procedure, 
the reaction between stoechiometric amounts of 15 and o, o'-(biphenyl)magnesium 
bromide was carried out. However, a purple solution was formed even at -30 'C. 
Me 
I 
HN NNH 1ý I 
N- 
I -N 
clýcj cl 
M9Br 
+ i) »- b' 
BrMg 
Me 
I 
N HNIINH 
N- -N 
/ 
cl 
Targeted 
Scheme 3.2 - Attempted synthesis of a vanadium bisaryl complex using o, o'-(biphenyl)MgBr. 
Reagents 
and conditions: i) THF, -30 'C. 
Bridged bimetallic V-R-AI (R= alkyl, Cl) species are believed to be involved in the 
formation of vanadium catalysts. 
18,44,45 The reaction of 15 with 3 equiv. of TMA at -78 
'C in toluene afforded a pink-red solution. No change of colour was observed upon 
warming to room temperature suggesting that the expected V-alkyl-Al species may be 
more stable than terminal V-alkyl species. Attempted crystallisation by slow cooling 
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and/or diffusion with pentane resulted in a slow precipitation of a pink residue. The 
same observations were made when using DMAC. 
The benzimidazolyl N-H functionality may contribute to the instability of these 
complexes. HenceVC13(THF)3 was reacted in situ with 3 equiv. of neopentylMgBr 
followed by addition of 1 equiv. of [N, NMe, NIH2L6. Although the vanadium alkyl 
precursor was formed (identified by a blue Solution46), the reaction with [N, NMe, N]H2 
was, at best, very slow at -15 'C. Upon warming at 0 'C an insoluble precipitate was 
formed. 
Me 
I 
HN-, C-N--- 
ý, 
NH 
VC13. (THF)3 + 3NeopentylMgBr [V(Neopentyl)31 
I 
N-V-N 
RRR 
R= Neopentyl 
Targeted 
Scheme 3.3 - Attempted synthesis of a vanadium alkyl complex. Reagents and conditions: i) 
Et20 
ý0 
OCý 
filtration; ii) I equiv. [N, NMe, N]H2,0 
OC- 
The lack of success in gaining access to V-alkyl or aryl complexes may be a result of 
the intrinsic instability of V-C bonds. Additionally the presence of reactive groups on 
the ligand backbone may present further complications. 
3.3 Ethylene Polymerisation Results 
3.3.1 General Observations 
A wide range of conditions have been reported for ethylene polymerisation using 
vanadium based catalysts (Chapter 1). Therefore, it was important to evaluate a range of 
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polymerisation conditions to ensure optimal performance of these catalysts. Hence this 
section will first determine an optimum set of conditions for complex 15, to be followed 
by the full catalytic evaluation of the remaining vanadium complexes, By adopting this 
approach we hoped to get a better understanding of the parameters required to generate 
active vanadium catalysts as well as analysing the effect of the ancillary ligand 
structure. 
The nature of the polymer formed using these vanadium catalysts varies dramatically 
from the powdery polymer generated using the benzimidazolyl titanium catalysts 
(Chapter 2). The vanadium systems yield a stringy, swollen polymer which absorbs 
significant quantities of solvent. Hence the polymerisations need to be carried out in a 
Fischer-Porter reactors which are equipped with a mechanical stirrer to ensure 
homogeneity throughout the run. Furthermore, catalyst loadings were adapted in order 
to produce enough material for analysis whilst limiting the exotherm and avoiding mass 
transfer problems from filling the reactor with polymer. 
3.3.2 Optimisation Conditions for 15 
Group 5 catalysts have shown a key dependence on the nature of the co-catalyst 
18,44,45 
and reactivatof47-54 ; thus their scope will be examined. In addition the effect of 
temperature and pressure will be evaluated. 
3.3.2.1 Co-catalyst and Reactivator Dependence 
As an active species is a combination of a pre-catalyst and co-catalyst, selecting the 
right combination can be as important as the pre-catalyst structure. MAO and various 
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alkyl aluminiurn chlorides [R3-nAlCln (n<2)] have commonly been used as co-catalysts 
for vanadium based pre-catalysts. Hence 15 was evaluated with a wide range of 
aluminiurn based co-catalysts. Each co-catalyst run was also performed with and 
without ethyltrichloroacetate (ETAC) to probe the effect of a reactivator (Table 3.3). 
The catalytic activities are greatly dependent upon the aluminium co-catalyst employed. 
In the absence of reactivator, the activities decreased in the order: MAS (run 7: 1700 
g/mmol. h. bar) > MeAIC12 (run 9: 630 g/mmol. h. bar) > DMAC (run 5: 380 
g/mmol. h. bar) > DEAC (run 11: 50 g/mmol. h. bar) > TMA - MAO (run 3 and 2: traces). 
If considering the mechanism proposed by Christman, in the absence of reactivator, 
(Section 1.4.1.1.1), only one chain should form prior to deactivation by formation of a 
dorinant V(11) species. Consistently, with R3-,, AlCln (0 <n< 2) activation the majority 
of the polymer was formed within five minutes. With the exception of 15/DMAC, it is 
calculated than more than one chain is grown per metal centre in the absence of ETAC. 
This perhaps indicates that chain termination does not always lead to reduction of 
vanadium and that P-hydrogen transfer reactions can occur. Alternatively, it may 
be 
possible for the co-catalyst to act, although very poorly, as a reactivating chlorine 
source. This could account for the higher activities using 15/MAS and 15/MeAlCI2 
in 
comparison to 15/DMAC. 
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Table 3.3 - Effect of co-catalyst a) without reactivator and b) with reactivator on ethylene polymerisation 
using 15. ' 
Run Pre-cat. 
loading 
(nmol) 
IyStb Co-cata 
(mmol) 
ETAC 
loadin 9 
(equiv. ) 
Yield 
(g) 
Activity': 
: 
No. of 
Sd chain 
Mn 
(kg/mol) 
e mw Mw/Mn 
(kg/mol) 
1 2000 MAO 0 Trace n1a n1a n1a 
2 2000 MAO 300 0.34 183 5 35,8 f 1 670 46.8 
3 2000 TMA 0 trace n1a n1a n1a 
4 2000 TMA 300 0.07 38 >2,000 
5 2000 DMAC 0 0.72 380 0.5 791 21160 2.7 
ýo DMAC 300 1.29 27,300 32 851 2,020 2.4 
7 2000 MAS 0 3.20 1 ý700 2 721 990 1 2.7 
8 200 MAS 300 2.88 15,200 27 563 25120 3.7 
9 2000 MeAIC12 0 1.17 620 5 134 382 2.8 
10 500 MeAIC12 300 3.14 6ý700 24 281 845 3.0 
11 2000 DEAC 0 0.10 50 >2ý000 
12 500 DEAC 300 0.50 000 1ý 7 161 487 3.0 
'Polymerisation conditions: Fischer-Porter reactor, I mmol co-catalyst, toluene (250 ml), 2 bar ethylene, 
30 min, 30 oC. b MAO = methylaluminoxane, TMA = trimethylaluminium, DMAC = dimethyl aluminium 
chloride, MAS = methyl aluminium sesquilchloride, MeAlCl2 ý methylaluminium dichloride, DEAC = 
diethyl aluminium chloride. 'Activities in g/mmol. h. bar. d No. of chains = Yield(g)/[Mn (g/mol) x 
Loading (mol)]. 'Molecular weights determined by HT-GPC. fUnimodal. 
a) 
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b) 
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Fig. 3.13 - Effect of activator on ethylene polymerisation using 15 a) without 
ETAC reactivator and b) 
with ETAC reactivator. 
Bimetallic chloro-bridged (V-Cl-Al) intermediate species (Chapter 1) are thought to 
take part in the fon-nation of the active species in homogeneous, 
18,44,45 
as well as 
heterogeneous, 
55-58 
vanadium based catalysts. Nomura and co-workerS44,45 proposed that 
30000 
co 
-a 25000 
0 E 20000 
0 15000 ) 
10000 
DUUV 
0 
Ile 
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the reason for the difference in activities between MAO and R3-,, AICI,, (0 <n< 2) co- 
catalysts is the result of the fonnation of a different active species caused by different 
catalyst/co -catalyst nuclearity effects. Indeed they suggest that upon activation with R3_ 
nAlCln (0 <n <- 2), the active cationic vanadium alkyl species would be in equilibrium 
with a stabilising bimetallic chloro-bridged (V-Cl-Al) species, whereas MAO would 
r_ 
form a discrete ion-pair which would be unstable and result in a premature deactivation 
(Scheme 3.4). This could account for the very broad unimodal PDI (Run 2) obtained 
when the activation is realised with MAO. 
Proposed active species 
AICIR2 L'LV 
MAO 
if 
ULVý. WCI C, LIVIN CJNýC) cl 
6+ 
Z: 
z A zz R Cl M& cl 
C2H4 
if 
N, 
Me 
L'LV XMAO 
(D 
I Idj 
L=Arylimýdo 
L'=Aryloxide 
Scheme 3.4 - Active species proposed by Nomura and co-workers, 
formed using MAO or R2AlCl with 
vanadium pre-catalysts. 
Similarly to previously reported vanadium catalysts 
18,45 
3 TMA was also 
found to be a 
poor co-catalyst for pre-catalyst 15 independently 
from ETAC (run 3,4). Additionally 
only when chloro -containing aluminium co-catalysts were employed 
were substantial 
productivities observed. This suggests that the 
formation of a strongly associated 
bimetallic complex is important. Crucially when 
DMAC was added to a polymerisation 
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using 15/TMA after 30 minutes, immediate polymer formation was observed which 
indicates that TMA does not irreversibly deactivate the catalyst. 
Changing the alkyl substituent from DMAC to DEAC resulted in a 7-fold decrease in 
activity. Its poorer performance relative to 15/DMAC may be the result of greater steric 
hindrance leading to a less stable dimer. 
In the presence of 300 equiv. of ETAC a dramatic increase in activity was observed for 
all co-catalysts and required a significant reduction in catalyst loadings; the highest 
increase (> 70 fold) was observed for DMAC. The activities now decreased in the order 
DMAC (run 6: 27300 g/mmol. h. bar) > MAS (run 8: 15200 g/mmol. h. bar) > MeAIC12 
(run 10: 6700 g/mmol. h. bar) > DEAC (run 12: 1000 g/mmol. h. bar) > MAO (run 2: 183 
g/mmol. h. bar) > TMA (run 4: 38 g/mmol. h. bar). 
Dr. Richard Long in this group proposed using a timeline for illustrating the behaviour 
of the catalyst. 59The shaded and blank regions represent time spent as the active V(111) 
and dormant V(11) species respectively (Fig. 3.14) and the vertical scale represents the 
rate of ethylene insertion; activity is hence proportional to the total shaded area and 
molecular weight proportional to the area of a single shaded region. For DMAC and 
MAS, M, averages at 2,000 kg/mol without any obvious effect of the reactivator on the 
polymer properties. Hence in the absence of reactivator there are only a small number of 
shaded regions (representing the number of chains per metal) with the reduced 
vanadium species present for most of the polymerisation (Fig. 3.14. a). Introducing a 
reactivator is not expected to affect the rate of insertion and termination (ta = t',, ), 
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however the rates of reactivation are significantly increased (Fig. 3.14-b). The particular 
case in which the presence of halocarbons could increase the rate of propagation and 
termination to the same extent cannot be excluded. The difference between activities in 
the presence of reactivator when comparing 15/MAS and 15/DMAC is the result of the 
formation of less shaded areas per metal (27 and 32 chains respectively) during the 
polymerisation run, which implies that the oxidation of the V(11) species in 15/MAS is 
less efficient. 
a) 
td 
kins 
............ --- 
71--l 
b) 
ki --t - 
lý 
F1 vo 11) F-I vo 1) 
Fig. 3.14 - Timelines for an average vanadium centre during ethylene polymerisation under different 
conditions: a) no ETAC; b) 300 equiv. ETAC; ki,,, = rate of ethylene insertion; tld= time as 
active/dormant catalyst with no ETAC; t'dd = timeasactive/dormant catalyst with 300 eq ETAC. 
For 15/MeAlCI2 in the absence of ETAC, low M, polymer (< 400 kg/mol) was 
obtained, which increased significantly (>800 kg/mol) when reactivator was present. 
The opposite effect was observed when using 15/DEAC, where a significant drop in M,, 
is apparent (> 2000 kg/mol to < 500 kg/mol). This suggests that in addition to 
increasing the rate of oxidation, ETAC also has a significant impact on the rate of 
termination and/or propagation for both 15/MeAIC12and 15/DEAC. 
To confirm the effect of the reactivator on the lifetime of 15/DMAC, a polymerisation 
was carried out at 60 'C in a stainless steal reactor where ethylene uptake could be 
accurately monitored. A small amount of hydrogen (0.2 bar) was added in order to 
decrease the molecular weight by (5-bond metathesis, as well as limiting mass transfer 
problems caused by reactor filling. 
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Fig. 3.15 - Ethylene uptake trace for 15/DMAC in the presence of ETAC. Polymerisation conditions: 
Steel autoclave, 15 (0.1 ýtrnol), DMAC (Immol), 300equiv. ETAC, Toluene (500 ml), 4 Bar ethylene, 0.2 
bar H2,60 'C, I h. 
After equilibration of the reactor pressure, the ethylene uptake trace is near constant 
which is consistent with the catalyst rapidly reactivating to give a stable activity 
throughout the polymerisation run (Fig. 3.15). 
DMAC was found to be the most appropriate co-catalyst for this system; hence it was 
used for the remaining polymerisation tests. 
3.3.2.2 Temperature Dependence. 
As well as affecting monomer solubility, the rate of monomer insertion and the rate of 
catalyst deactivation, the polymerisation temperature is also anticipated to affect the rate 
of reactivation for vanadium based catalysts. The effect of the latter can be probed by 
performing polymerisations at different temperatures either with or without reactivator. 
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Table 3.4 - Effect of temperature in the absence of reactivator on ethylene 
polymerisation using 15. ' 
Run T ('C) Polymer 
y ield (g) 
b: Activity I 
: 
No. of 
chains' 
m,, d 
(kg/mol) 
mwd 
(kg/mol) 
M, /M, 
5 30 0.72 360 0.5 791 2,160 2.7 
13 45 1.00 500 0.7 582 1ý710 2.9 
14 60 0.86 430 1.4 316 IJ40 3.5 
15 75 0.29 143 0.6 230 634 2.8 
16 90 0.14 70 0.6 110 352 2.7 
'Polymerisation conditions: Fischer-Porter reactor, 2[tmol 15,1 mmol DMAC, 
toluene (250 ml), 2 bar ethylene, 30 min. b Activities in g/mmol. h. bar. ' Number of 
chains = Yield(g)/[M,, (g/mol) x Loading (Mol)]. dMolecular weights determined 
by HT-GPC. 
600 
500 
0 
E 400 
E 
1ý 300 
200 
100 
Temperature (IC) 
12 
10 
Co 
Fig. 3.16 - Effect of temperature in the absence of reactivator on ethylene polymerisation using 
15/DMAC. 
Polymerisations between 30 and 90 'C in the absence of ETAC are reported in Table 
3.4. Upon increasing the temperature from 30 to 45 T the activity of 15/DMAC 
slightly improves from 380 to 500 g/mmol. h. bar indicative of an increased rate of 
monomer insertion. Further increases in temperature result in a decrease 
in activity (70 
g/mmol. h. bar at 90 'C) which suggests that more rapid reduction to 
V(11) is inhibiting 
performance; reduced monomer solubility may also 
have an effect. The molecular 
weight of the polymer formed decreases significantly throughout the 
temperature profile 
consistent with an accelerated rate of chain termination. 
Since only one chain would be 
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expected to be grown per metal centre, the overall activity would also be anticipated to 
be lower (Fig. 3.17. a-b). 
a) 
kins < 
ts, 
30 td, 30 
--- ---------- 
b) 
ta, 
90 
ý90 ki 
nsvx 
------------- - 
0t 
-> 
[71 voll) F vo 1) 
Fig. 3.17 - Timelines for an average vanadium centre/DMAC during ethylene polymerisation with no 
ETAC at different temperatures: a) 30 'C; b) 90 'C;. kin, = rate of ethylene insertion; td, T, = time as 
active/dormant catalyst with no ETAC at temperature T('C); t, dy, = time as active/dormant catalyst with 
no ETAC at temperature T('C). 
In the presence of reactivator (Table 3.5), as the temperature increases the rate of 
insertion increases (25,800 g/mmol. h. bar at 30 'C to 59,600 g/mmol. h. bar at 75 'C) as 
well as the rate of termination (2,017 kg/mol at 30 'C to 398 kg/mol at 90 'C), but more 
significantly the rate of reactivation increases (32 and 250 chains at 30 'C and 70 'C 
respectively), hence a rapid alternation of V(111)-V(11) occur as represented by the 
timelines shown in Fig. 3.19. 
Table 3.5-Effect of temperature in the presence of reactivator on ethylene 
polymerisation using 15. ' 
Run T ('C) 
: 
Polymer 
lyield (g) 
b Activity No. of 
chains' 
d Mn 
(kg/mol) 
d 4 I\ w (kg/mol) 
MW/Mn 
6 30 1.29 25,800 1 32 851 2ý020 2.4 
17 45 1.70 34ý000 53 641 1 fiW 2.6 
18 60 2.61 600 511 144 359 1,090 3.0 
19 75 3.00 59,600 250 239 666 2.8 
20 90 2.3 2 46,000 277 165 398 2.4 
a Polymerisation conditions: Fischer-Porter reactor, 15 (50 m-nol), I mmol DMAC, 
300 eq ETAC, toluene (250 ml), 2 bar ethylene, 30 min, 30 'C. 
b Activities in 
g/mmol. h. bar. 'No. of chains = Yield(g)/[M,, (g/mol) x Loading (Mol)]. 
dMolecular 
weights determined by HT-GPC. 
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Fig. 3.18 - Effect of temperature in the absence of reactivator on ethylene 
polymerisation using 15/DMAC 
At 90 'C (Fig. 3.19. c) although the number of chains increases, a drop in the overall 
activity is observed. This lower growing polymer chain lifetime Wa, 90) is believed to be 
the result of reduced monomer solubility as well as reduced stability of V-alkyl bond 
resulting in a net increase in the rate of termination with regard to the rate of 
propagation and reactivation. Thus at 90 T, although the rate of reactivation increases 
Wd, 75 ýý* t'd, go) and more chains are grown, the overall time spent in the dormant V(11) 
state increases Wd, 90 t'a, 90) leading to a decrease in the overall activity. The 
possibility of permanent catalyst decomposition at this temperature cannot be excluded. 
At any given temperature the polymer molecular weights with and without reactivator 
remain virtually unchanged which strongly suggests that the reactivator does not 
influence the relative rate of insertion and termination. Molecular weights were found to 
be very high at room temperature (M, > 2,000 kg/mol) and decreased significantly to 
M, < 400 kg/mol at 90 'C. 
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Fig. 3.19 - Timelines for an average vanadium centre during ethylene polymerisation with 300 equiv. 
ETAC at different temperatures: a) 30 'C, b) 75 'C, c) 90 'C; kins= rate of ethylene insertion; t, d, 7, = 
time 
as active/dormant catalyst with ETAC at temperature T (OC). 
The fate of the polymer chains is still not well understood; indeed Christman 49 and 
Lehr 60 have suggested a bimolecular termination reaction requiring two molecules of 
catalyst to give two equivalents of a reduced vanadium species as well as a vinyl and a 
fully saturated polymerchain (Scheme 3.5). However, this proposal is at odds with the 
observation that changing the catalyst loading for 15 does not influence the polymer M,, 
(Run 5 and 6). 
2 C12V---"'j 2C 12V + 
CP 
Nor 
Scheme 3.5- Bimolecular termination of a vanadium catalyst. 
In light of the sharp drop in molecular weight, a polymerisation where a high 
concentration of 15/DMAC in the presence of ETAC at high temperature and short 
polymerisation time was carried out to generate a polymer with a sufficiently low Mw 
to analyse by 13q 11-11 NMR (Fig. 3.20). It was found to be highly linear and saturated 
end groups were detected. This is in agreement with Christman mechanism where 
coupling of radical polymer chains was proposed (Chapter I). Nevertheless the 
possibility of a bimetallic vanadium-aluminium active species, as proposed by Nomura 
44,45 
and co-workers, does not exclude chain transfer to aluminium. Chlorinated end 
groups (10- 15 mol%) were also detected, which suggest that other termination reactions 
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can also occur. The coupling of radical polymer chains with reactivator's chlorine 
radicals can not be excluded. 
ED= 
'JP 
I- T 
50.0 45.0 40.0 35.0 30.0 25.0 20.0 15.0 PPM 
Fig. 3.20 - 13C f 'HI NMR spectrum of polyethylene formed using 15/DMAC. * 
3.3.2.3 Effect of Co-catalyst and Reactivator Concentration. 
As described previously, the nature of the co-catalyst and the presence of reactivator 
contribute to the overall activity of 15. Therefore, this section further examines the 
effect on polymerisations of differing quantities of DMAC and/or ETAC. 
* Polymerisation conditions: 1.25 bar, 90 'C, 15 (20 gmol), ETAC (6 mmol), DMAC (6 mmol), 5 min. 
Molecular weights determined by HT-GPC. Polymer yield = 5g, Activity = 5000 g/mmol. h. bar, Mn = 1.4 
kg/mol, M, - 5.0 kg/mol, PDI = 3.4. 
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Varying the DMAC loading from I to 4 mmol in the absence of ETAC did not affect 
the activity of 15/DMAC (Table 3.6 Run 5,21-23), which indicates that activation is 
rapid and not rate limiting. Importantly, the molecular weight of the polymer remains 
virtually unchanged which suggests that DMAC is not involved in the reduction of 
V(III) or in chain termination. Similar observations are made when the DMAC loading 
was varied in the presence of ETAC (Table 3.6 Run 6,24-26) which suggests that the 
aluminium alkyl also has no affect on the rate of reactivation. These observations are in 
contrast to the "calixarene" based vanadium catalysts reported by Redshaw and co- 
workers where activities are reported to increase in an almost linear fashion with respect 
to the [Al]/[V] ratio. 8,18 Lower DMAC loadings were not investigated since any drop in 
activity could be caused by inefficient scavenging of the reactor. 
Table 3.6 - Effect of DMAC concentration on ethylene polymerisation using 15/DMAC. ' 
bC 
Run Pre-catalyst ETAC DNIAC 1 Polymer Activity n MWC Mw/Mn 
loading loading loading! yield (g) (kg/mol) (kg/mol) 
4tmol) (equiv. ) (mmO 
5 2 0 1 0.72 380 791 2,160 2.7 
21 2 0 2 0.63 315 733 2,010 2.7 
22 2 0 3 0.68 340 927 2 170 2.3 
23 2 
............... 
0 
. .................... ....................... .. 
4 
.................................... 
0.75 
. ...................... ................... 
375 
..................................................... 
1)010 
............................................ 
2ý110 
................. .... .... ....... ... 
2.2 
...................... ......... ................................... 6 ........................................ 0.05 . . 300 1 1.29 25,800 851 2020 2.4 
24 0.05 300 2 1.40 28,000 1,130 2,540 2.2 
25 0.05 300 3 1.35 27,000 1,080 2,260 2.1 
26 0.05 300 4 1.38 27,600 1,390 2,340 1.7 
'Polymerisation conditions: Fischer-Porter reactor, toluene (250 ml), 2 bar ethylene, 30 min, 30 
oC. b Activities in g/mmol. h. bar. cMolecular weights determined by HT-GPC. 
In order to assess the effect of ETAC concentration on the activity of 
15/DMAC, an 
experiment was designed using a stainless steel reactor where variable amounts of 
ETAC were injected throughout the run; the results are shown 
in Fig. 3.2 1. 
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Fig. 3.21 - Ethylene uptake trace for 15/DMAC with increasing ETAC loading. Table of the average 
uptake at a given injection. Polymerisation conditions: Steel autoclave, 15 (0.1 Vmol), DMAC (I mmol), 
300equiv. ETAC, toluene (500 mi), 4 bar ethylene, 0.2 bar H2,60 'C, I h. 
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Fig. 3.22 - Average ethylene uptake during each injection. 
When plotting the average uptake against the number of ETAC equivalents (Fig. 3.22), 
a trend becomes apparent. No activity is observed in the absence of ETAC, however 
when 500 equiv. of ETAC are introduced the uptake significantly increases to 0.015 
I/min. Additional ETAC additions further increase the activity of 15/DMAC until 
approximately 4000 equiv. of ETAC where the activity approaches a plateau. This 
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correlates well with the findings of Deffieux and co-workerS61 where the activity of a 
VC13/AIC13/AIR3 catalyst increases with the amount of CH3CC13 added up to 40 equiv., 
above which only minor improvements in activity are observed. 
Re-examining the timeline representations, it is suggested that at low ETAC 
concentrations (where td>>t, ) the activity is greatly influenced by changes to tdwhich is 
rate limiting (Fig. 3.23). However as the ETAC concentration is increased, td becomes 
comparable to and then much less than t,. In this regime the rate of reactivation is no 
longer rate limiting and the activity is not greatly affected by further addition of ETAC. 
a) 
td 
ki, I 
0t 
kins ý_] pl ý- n 
0 
CIniHr1r: 
it1nHH 
, -ý V(Iii) r] 
Fig. 3.23 - Average ethylene uptake during each injections. 
3.3.2.4 Effect of the Nature of the Reactivator 
The presence of a reactivator, has proved to be one of the key performance parameters 
to consider when evaluating vanadium systems. Thus the nature of the reactivator 
should also play a vital role in determining activities. Different halogenated compounds 
have been evaluated as reactivators for simple vanadium halide catalysts. 
48-54,61 
However, there has not been a systematic study of different reactivators for 
homogeneous ligand supported vanadium catalysts. Hence a range of halogenated 
compounds a-o (Fig. 3.24) were evaluated using 15/DMAC at 60 'C. 
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Fig. 3.24 - The effect of different reactivators on ethylene polymerisation activities 
with 
15/DMAC. Polymerisations conditions: Fischer-Porter reactor, pre-catalyst (50 nmol), 
DMAC (I mmol), reactivator (50 pmol), toluene (200 ml), 2 bar ethylene, 60 
'C, 30 min. 
Full results are tabulated in Appendix 6. 
The necessity for some chlorine content is apparent when comparing a-c, since ethyl 
acetate (ETA) (a) and the fluorinated derivative (c) were 
found to give similar activities 
to a blank run (no reactivator). The lower productivity of c 
is believed to be the result of 
the stronger C-F bond; this is supported by Cooper who reported 
that fluoro compounds 
were not able to oxidise vanadium(II). 
62 Alternative chlorine sources d-i were found to 
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be poor reactivators, indeed acetyl chloride d only doubled the activity of the blank. N- 
chlorosuccinimide (g), a well known source of chlorine radicals, 63 did not improve 
activities. Although Cooper has shown that trityl chloride (i) can oxidise VC12(PY)4 to 
62 
vanadium(III) , it was found to spontaneously react with the co-catalyst under 
polymerisation conditions; a similar outcome was observed with a, U, a-trichlorotoluene 
(h). * This suggests that the C-CI bond is too reactive. Aryl sulfonyl chlorides have been 
explored as reactivators f 54 or simple non-ligand supported vanadium systems, hence a 
family of sulfonyl compoundsj-o were evaluated as reactivators for our catalyst system. 
Methylsulfonyl chloridej was found to be an efficient reactivator for 15/DMAC; in fact 
activities were higher than with ETAC. Consistent with earlier observations, the 
chlorine to fluorine k suppressed the reactivation process. Although brominated 
compounds have been found to be more efficient reactivators than their chlorinated 
counterparts, 64 ' 65 the bromo derivative (1) only afforded limited activities as it 
spontaneously reacted with the co-catalyst. * 
Varying the electronic properties of the methyl group in j afforded contrasting results. 
Introducing additional chlorine content (m) gave further improvements in activity, up to 
120,000 g/mmol. h. bar. The improved rate of reactivation is attributed to the electron 
withdrawing capacity Of CC13 which reduces the S-CI bond strength, although the 
potential of the additional chlorine content acting as a reactive chlorine source cannot be 
overlooked. It was expected that changing to an even more electron withdrawing CF3 
group (n) could increase activities further, but surprisingly activities were found to be 
comparable to the activities obtained in the blank run. This is believed to be caused by 
* Confirmed by NMR analysis by Dr. Long R. J. 
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the very low boiling point of n (bp = 29-32'C) reducing the concentration of reactivator 
in the reaction medium. For p-tolyl (o) activities were slightly lower than for j but 
equivalent to the activities using ETAC (b). 
The polymer molecular weights and PDI's were found to be comparable for all the 
reactivators, with M, between 900-1,600 kg/mol and PDls typically ranging from 2.2- 
2.8 suggesting single site behaviour in which the reactivator is not involved in the 
termination or propagation of the growing polymer chain. 
Simple halogenated hydrocarbons such as C206 have been reported to be relatively 
poor reactivators for non-ligand assisted vanadium catalysts at low temperature, but at 
high temperature (> 100 'C) they were found to be much more efficient. 66 In order to 
operate on an industrial scale, catalyst systems need to perform at high temperatures 
hence it was of interest to evaluate 15/DMAC/C2Cl6at these temperatures 
Unfortunately at 120 'C no activity was observed which suggests that at this 
temperature either reactivation is still inefficient due to a very strong C-Cl bond, or that 
catalyst decomposition is too rapid. Higher temperatures could not be evaluated since 
they are outside the temperature window available for the Fischer-Porter reactors. 
Overall, considering the activity, and also the toxicity of the studied reactivators, ETAC 
still remains the best candidate for further studies. 
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Table 3.7 - EffectOf 
C2C16on 
ethylene polymerisation using 15/DNIAC 
Run Reactivator Temperature Polymer yield Activity' 
(OC) (g) 
2a 7 C206 60 0.04 700 
2bd 8 C206 120 00 
Polymerisations conditions: Fischer-Porter reactor, 250 nmol 15, toluene (250 ml), 
2 bar ethylene, 30 min.. ' ETAC (300 equiv. ), DMAC (I nMol). b ETAC (400 
equiv. ), DMAC (2 mmol). 'Activities in g/mmol. h. bar 
3.3.2.5 Effect of Pressure 
To probe the effect of ethylene pressure on 15/DMAC, polymerisations were performed 
in Fischer-Porter reactors pressurised with between 1.5 and 5 bar of ethylene; the results 
are shown in Table 3.8. Shorter polymerisation times were employed to reduce the 
amount of polymer produced at the higher pressures, which ensures that neither mass 
transfer nor the reaction exotherm become limiting factor in polymer yield. 
A linear increase in polymer yield is observed with increasing pressure (Fig. 3.25) 
which indicates first-order dependence towards the monomer concentration. Hence, 
coordination of ethylene to the metal centre, and not subsequent insertion, is rate- 
limiting. 
Table 3.8 - The effect of pressure on ethylene polyrnerisations using 15/DMAC' 
bCC M M, /M Run Pressure Polymer Activity Mn wn 
(kg/mol) (kg/mol) yield (g) (bar) 
29 1.5 1.20 64000 386 993 2.6 
30 2 1.65 66,000 421 200 2.9 
31 3 2.30 61300 367 1,320 3.6 
32 4 3.04 60800 521 1 340 2.6 
33 5 3.81 611,000 462 15290 2.8 
'Polymerisation conditions: Fischer-Porter reactor, 15 (50 nmol), DMAC (I mmol), ETAC (300 
equiv. ), toluene (250 ml), 60 'C, 15 min. 
b Activities in g/mmol. h. bar. 'Molecular weights 
detennined by HT-GPC. 
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Fig. 3.25 - The effect of pressure on the polymer yield using 15/DMAC. 
Crucially, the molecular weights do not vary with increasing pressure. This rules out 
chain transfer to aluminium as a termination mechanism (which is zero order in 
monomer), and would typically point toward P-hydrogen transfer (which is first order in 
monomer). However, with the vanadium catalysts reported here, where end groups are 
fully saturated, chain tennination is thought to occur by homolytic cleavage of the 
metal-carbon bond (Christman mechanism 49) . The pressure 
dependence suggests that 
homolytic cleavage is triggered by coordination of monomer to the metal centre 
(Scheme 3.6); this is consistent with the observations of Junghanns and co-workers who 
reported that reduction of vanadium catalysts is faster in the presence of monomer than 
when under nitrogen. 
67 
P, p 
LnV LnV 110 LnV LnV 
kR kR' 
Scheme 3.6 - Relative rates of vanadium reduction with and without monomer. 
kR' > kR 
I 
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3.3.3 Screening of 15-34 
Having developed our understanding of how the polymerisation conditions, including 
different reactivators and co-catalysts affect ethylene polymerisations using 15/DMAC, 
the remaining V(111) and V(V) complexes bearing different benzimidazolyl ligands were 
evaluated. 
3.3.3.1 Effect of Oxidation State 
In order to evaluate the effect of the oxidation state of the pre-catalyst, 
H2[N, NMe, N]VC13 15 and H[N, NMe, N]VO(OPr)2 21, which have the same 
benzimidazolyl ligand, but differing oxidation states (+III and +V, respectively), were 
tested as representative examples at temperatures ranging from 45 to 90 'C; activity and 
molecular weight data are shown in Fig. 3.26. 
60 
2,50 
40 
3.0 E 30 E 
20 
1c 
c 
15 
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2,000 
0 E 1,500 
1,000 
50C 
5 
Fig. 3.26 - The effect of temperature on ethylene polymerisation activities using 15 and 21. 
Polymerisations conditions: Fischer-Porter reactor, pre-catalyst (50 nmol), DMAC (I mmol), ETAC (300 
equiv. ), toluene (250 ml), 2 bar ethylene, 30 min. Full results are tabulated in Appendix 6. 
As seen in section 3.3.2.2, increasing activities are observed up to 75 'C for both 
15/DMAC and 21/DMAC, which was followed by a significant decrease in activity at 
90 'C. No clear differences are observed over the temperature range for both activities 
and molecular weight, which can be accounted for by formation of the same active 
species upon treatment with DMAC. 
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3.3.3.2 Effect of the Ligand Framework 
The denticity of a spectator ligand can have a dramatic effect on polymerisation 
performance by influencing the rate of monomer insertion as well as catalyst 
stability. 
64,65,68-72 Hence complexes H2[N, NMe, N]VC13 21, [H3[N, N, N, N]VC131+-[Cll- 
32 and [N, N, N]VC13 33 were tested under identical conditions between 45 to 90 'C. It 
was also of interest to explore the effect of the rigidity of the ligand backbone and the 
electronic properties by introducing a pyridine as a donor. Hence, H2[N, Pyr, N]VC13 31 
was tested over the same temperature range. FinallyVC13(THF)3was tested to assess 
the effect of the monodentate benzimidazolyl units in 33. Activity, molecular weight 
and number of chains per metal are all shown in Fig. 3.27. 
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Fig. 3.27 - The effect of temperature on ethylene polymerisation activities using 21,31-33. 
Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (50 nmol), DMAC (I mmol), ETAC (300 
equiv. ), toluene (250 ml), 2 bar ethylene, 30 min. Full results are tabulated in Appendix 6. 
Key differences are observed when comparing the activity at 60 'C of 21/DMAC, 
VDMAC and 33/DMAC, indeed the overall activities decrease in the order 21/DMAC 
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(45,600 g/mmol. h. bar) > 33/DMAC (22,000 g/mmol. h. bar) > 32/DMAC (18,000 
g/mmol. h. bar). In contrast, the molecular weights of the resultant polymer remain 
virtually unchanged for the three catalysts and suggests that the denticity does not affect 
the relative rate of the propagation or termination. If we consider that all vanadium 
centres are active, the variation in activities must be due to the rate of reactivation, with 
21/DMAC being able to reactivate more efficiently. This can be quantified by 
comparing the number of chains grown per metal centre. For instance 33/DMAC grows 
only 100 chains at 75 T compared to 230 using 21/DMAC, while their activity trends 
are similar. As previously seen for 15/DMAC, the activities at 90 T for 21/DMAC and 
33/DMAC decrease. However, while the number of chains for 21/DMAC significantly 
increase by 52 % to 350, the number of chains 33/DMAC only increases by 30 % to 
130. This suggests that at this temperature 33/DMAC is much less efficiently 
reactivated. Additionally, due to the monodentate nature of the ligand in 33/DMAC 
catalyst, decomposition could be a significant factor. 
On the other hand 32/DMAC exhibits a much different activity trend. Indeed, although 
activities are significantly lower than for 21/DMAC, the temperature profile is stable 
and an increase in activity was observed at 90 'C, which lies in contrast to 21/DMAC 
and 33/DMAC. Hence, this suggests that, although 32/DMAC is less efficiently 
reactivated than 21/DMAC between 45 to 90 OC (td, T, 21 "ýý td, T, 32), resulting in less chains 
being grown and lower activities, increasing the temperature from 75 to 90 T, sees an 
increase in the rate of reactivation affording an increase, by 79 %, in the number of 
chains, from 81 to 145 
(td, 90,32 td, 75,32). It is also reasonable to consider that 
32/DMAC, bearing a tetradentate ligand is less likely to decompose at elevated 
- 153 - 
Chapter 3 Benzimidazolyl Vanadium Complexes: Synthesis & Ethylene Poýymerisation 
temperatures. Interestingly 31/DMAC shows a stable activity profile which is 
comparable to 32/DMAC up to 75 'C, but a significant leap in activity occurs from 
23,200 to 32,600 g/mmol. h. bar, at 90 'C, which is further emphasised by an increase of 
160 % in the number of chains grown (96 to 250). This suggests that the ligand's 
rigidity and electronic properties result in more efficient reactivation at elevated 
temperatures. 
Finally VC13. (THF)3/DMAC shows lower activities throughout the range of 
temperatures (12,000-19,000 g/mmol. h. bar. ) especially when compared to the parent 
33/DMAC. Additionally the best activities were obtained at 60 'C, and molecular 
weights were found to be higher than 2,000 kg/mol over the whole temperature range, 
indicating that VC13(THF)3/DMAC is a significantly different catalytic system to 
21/DMAC and 31-33/DMAC. 
3.3.3.3 Effect of the Donor D in the [N, D, N] Ligand 
Considering the effect of the central donor on Group 4 metal based catalyst bearing 
[N, D, N] ligands, it was of interest to scope the effect of changing the central donor D on 
the ethylene polymerisation performance for Group 5 metal based catalysts 15-30 and 
34. 
Complexes 15-30 and 34 were tested at 60 'C using DMAC as the co-catalyst, activities 
and molecular weight data are shown in Table 3.9. 
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Table 3.9-Polymerisation of ethylene using [N, D, N]HVO(OPr)2 15-19 and 
H2[N, D, NIVC1321-30 and 34 a 
15 
16 
17 
18 
19 
4.45 
5.0 
3.94 
4.1 
3.94 
44ý500 i 
501,000 
395400 
41ý000 
39,400 
431 
444 
559 
369 
561 
1,190 
1,340 
1,470 
1,240 
1,340 
2.8 
3.0 
2.6 
3.4 
2.4 
21 4.8 485000 501 1,400 2.8 
22 5.11 51J00 698 15730 2.5 
23 4.2 42,000 513 1,320 2.6 
24 4.35 43,500 590 15450 2.4 
25 4.23 42ý300 416 1,270 3. o 
26 4.04 40A0 483 1,370 2.8 
27 4.04 40,400 570 1,410 2.5 
28 4.63 46,300 547 1,470 2.7 
29 4.33 43,300 538 1490 2.8 
30 3.5 35MOO 376 1,140 3.0 
34 2.85 28.500 414 15080 2.6 
iI Pre-catalyst 1 Polymer Activityb 1 Mnc MwC Mw/Mn 
1 yield (g) I (kg/mol) (kg/mol) 
Tolymerisations conditions: Fischer-Porter reactor, pre-catalyst (50 mol), 
DMAC (I mmol), ETAC (300 equiv. ), toluene (250 ml), 4 bar ethylene, 30 
min.. b Activities in g/mmol. h. bar. 'Molecular weights determined by HT- 
GPC. 
As observed previously with 15 and 21, each V(V) and its corresponding V(111) 
complexes show very similar activities and molecular weight. Unlike the differences in 
activity observed for 31,32 and 33, changing the amine substituent R in 
[N, NR, N]HVO(OPr)2 15-19 and H2[N, NR, N]VC13 complexes 21-22 and 26-30 show 
very little effect on the activities and the molecular weight of the polymer. Considering 
the solid-state structure of 15 where the V-D (D=NMe) bond is weak or the solid-state 
structure of 23, where the ligand central donor is not bound, it suggests that, upon 
activation, the ligand could become bidentate. This is further supported when 
comparing the activities and polymer properties obtained for H2[N, D, N] 
VC13. (THF), /DMAC 21 (D=NMe, n--O), 24 (D=O, n=O), 25 (D=S, n=O) and 30 
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(D=C(H)Me, n=l) where the electronic properties of D are changed; indeed no 
noticeable differences in M, or activity is observed. Thus if the ligand was bidentate in 
the active species, any steric or electronic changes of D would not affect the active 
metal centre. The presence of THF in 23 and 30 does not seem to interfere with the 
polymerisation. 
The observed similarities between activities, molecular weight and PDI can also be 
accounted for by ligand being leached from the metal centre. In order to further study 
the effect of the ligand on the activities and polymer properties, a series of known pre- 
y 174,75 X1,76,77 catalysts )M, 1,73 L and L as well as simple VC13 were tested in the 
similar conditions. The activities and molecular weight data are shown in Table 3.9. 
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Fig. 3.28 - Vanadium pre-catalysts XXXIII, 
LI and LXII tested for ethylene polymerisation 
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Table 3.1 O-Polymerisation of ethylene using pre-catalysts XXXIII, LI, LXII andVC13 
Pre-catalyst 
(loading [tmol) 
Polymer 
yield (g) 
bC Activity Mn 
(kg/mol) 
C MW 
(kg/mol) 
MW/M, 
XXXIII (0.05) 1 0.443 400 45 378 1250 3.3 
LI (0.05) 5.52 555200 475 1 ý200 2.5 
LXII (0.0 5) 1 0.7 56 7,600 ! 706 11,650 2.3 
VC13 (0.3) 1.86 3,100 1 393 937 2.4 
'Polymerisations conditions: Fischer-Porter reactor, DMAC (I mmol), ETAC 
(300 equiv. ), toluene (250 ml), 4 bar ethylene, 30 min. 60 oC. b Activities in 
g/mmot. h. bar. 'Molecular weights determined by HT-GPC. 
Although M, and PDI are roughly the same there is a dramatic difference in activity 
between the vanadium complexes 15-30 already discussed, along with XXXIII, LI, 
LXII andVC13(THF)3. These observations confirm a ligand effect on the performance 
of the catalyst system. However, it has to be acknowledged that the ligand does not 
necessary have to be bonded to the vanadium centre to affect catalyst performance. 
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3.4 Summary and Conclusions 
Aiming at the development of Vanadium based catalysts supported by benzimidazolyl 
ligands, a family of diamagnetic vanadyl propoxide V(V) complexes has been 
synthesised. A fundamental understanding of the parameters influencing the reactivity 
and ultimately the stability of theses complexes has been established. Paramagnetic 
V(111) halide complexes have also been prepared. Crystallographic evidence has shown 
that the coordination of the central donor atom is not certain in these complexes; 
additionally, they were found to be susceptible to oxidation when exposed to air and 
moisture. 
Optimal ethylene polymerisation conditions were first determined using 
[N, NMe, N]HV(O)(O'Pr), which allowed us to understand, the key parameters 
influencing the polymerisation. The combination of DMAC and ETAC was found to 
afford remarkable activities. Various reactivators were found to give amongst thýe 
highest activities reported to date for non-metallocene systems. 
The precise nature of the active species for Group 5 metal based catalysts remains open 
to conjecture, as well as the complex interconnections between catalyst, reactivator and 
co-catalyst. Although in the past very limited interest has been given to developing new 
vanadium systems due to their relatively poor activities, the emergence of Group 5 
metal catalysts that rival metallocene activities, may spark the necessary intellectual and 
commercial interest to unravel the further the mechanistic intricacies of these systems. 
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b) ----- A- B- B- B -A-B-A 
C) ----- B- B- B- B -B-A-A 
B-A 
B-B 
A-A 
Fig. 4.1 - Possible co-polymer microstructures; a) alternating, 
b) random or statistical and c) block. 
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4.1 Introduction 
Polymerisations which combine ethylene with an additional monomer, such as ten-ninal 
or cyclic olefins, generate products with properties distinct to those arising from 
ethylene horno-polymerisations. Indeed, by controlling the nature and distribution of the 
co-monomer in the polymer chain, properties including density, crystallinity, 
transparency, rigidity, strength and hardness can be tuned toward commercial 
specifications. This explains the wide array of industrial applications for such co- 
polymers, which range from pipes to optical devices. ' 
Since a co-polymer is comprised of two different building blocks, co-polymers can be 
classified based on how these monomer units are arranged along the chain (Fig. 4.1). 2 
These include: alternating co-polymers with regular alternating A and B units (a), 
random co-polymers with random sequences of monomer A and B (b) and block co- 
polymers comprised of two or more homo-polymer sequences linked to one another (c). 
Whereas linear co-polymers (a-c) consist of a unique single main polymer chain, co- 
polymers may also have branches, which correspond to polymeric side chains which 
grow from the single main chain. 
A-B-A-B-A-B-A 
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Vanadium based Ziegler-Natta catalysts systems show the unique ability to incorporate 
co-monomers in a random fashion, which is an important requirement for accessing 
amorphous, elastomeric polymers. 3-7 Vanadium catalysts are also widely used in the 
industrial production of ethylene-propylene-diene elastomers (EPDM) 8-10. Hence, it was 
of interest to evaluate the benzimidazolyl vanadium catalysts described in the previous 
Chapter for the co-polymerisation of ethylene with key co-monomers. In this Chapter 
the results of co-polymerisation with I-hexene (H), norbomene (NB) or 1,3-butadiene 
(B) are described. 
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4.2 Ethylene - 1-Hexene Co-polymerisation 
The co-polymerisation of ethylene with higher a-olefins is a convenient way of 
generating polyethylenes of controlled crystallinity and density. The introduction of 
short-chain branches originating from the co-monomer decreases the crystallinity and 
melting temperature of the co-polymer as they interfere with crystallisation. " These 
polymers are known as linear low-density polyethylene (LLDPE) (Fig. 4.2) and 
typically have higher tensile strength, impact and puncture resistance than radically 
synthesised low-density polyethylene (LDPE) synthesised by radical polymerisation. 
Fig. 4.2 - Linear lOw-density polyethylene. 
Dý 
Recently, examples of homogeneous vanadium catalysts were 
found to be active for 
, 
12,13 
ethylene - a-olefin co-polymerisations. Complex 
XLVII/DMAC, in the presence of 
ETAC (2,500 equiv. ), was found to be highly active (19,300 g/mmol. h. bar at 25 'C) 
with an incorporation of 15.4 mol% in the presence of 50 mol% of propylene. 
In 
contrast, LVEEtAIC12, in the absence of reactivator, was 
found have a low activity (60 
g/mmol. h. bar at 25 'C) and an incorporation of 7.4 mol% 
in the presence of 75 mol% of 
I-hexene. 
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tBu 
OIZZ. v 
tBu 
Bu 
XLVIIII 
N 
1/( 
(a c-a ý? icac 
LVI 13 
Fig. 4.3 - Vanadium complexes used for ethylene and a-olefin co-polymerisation. 
4.2.1 General Considerations 
The co-polymerisations described in the following sections were performed at 60 'C, 
using DMAC as the co-catalyst and ETAC as the reactivator in Fischer-Porter reactors. 
The I -hexene co-monomer, which had been purified and dried prior to use, was injected 
as a neat liquid. The amount of co-catalyst was doubled compared to the homo- 
polymerisations to ensure efficient scavenging of any impurities in the co-monomer. 
An initial study into the co-polymerisation of ethylene (E) with I -hexene (H) using 
[N, NMe, N]H2VC1321 was followed by an evaluation of complexes 22-25 and 29-33. 
bu 
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4.2.2 Effect of the Ethylene - 1-Hexene Ratio Using 21 
To explore the range of H incorporation obtainable with H2[N, NMe, N]VC13 21, 
polymerisations were performed using different E: H ratios. The effect of H on activity 
and molecular weight is also discussed; results are shown in Table 4.1. 
Table 4.1 - Co-polymerisation of E-H using 21/DNIAC. ' 
Cdmde 
H in Pre-cat. Ii Run Time Polymer Activity Mn w Mw/N4n Inc 
(min) yield (g) (kg/mol) (kg/mol) Feed Load ng': (mol%) 
34 0.05 30 2.28 45,600 444 19240 2.8 n1a 
35 60% 0.3 10 3.04 305500 96.5 250 2.6 2.4 
36 80% 1.0 60 2.80 1,700 38.5 121 3.1 1 6.2 
1 60 2.60 44.8 37 90% L300 20.6 2.2 8.3 1.0 
b 300 trace 38 Solvent 6.5 
'Polymerisation conditions (except b): Fischer-Porter reactor, DMAC (2.0 mmol), ETAC (300 equiv. ), 
toluene (200 ml), 2 bar E, 60 oC. b Schlenk test, DMAC (2.0 mmol), ETAC (300 equiv. ), I-hexene (30 
ml), 2 bar E, 60 'C 'Activities in g/mmol. h. bar. dMolecular weights determined by HT-GPC. 
'Determined by 13Cf 1H) NMR. 
Introducing 60 mol% of H* into the monomer feed had only a limited impact on the 
activity of 21/DMAC compared to E homo-polymerisation. However at higher H 
loadings, activities decreased substantially, resulting in a virtually inactive system in 
liquid H. The molecular weight of the resulting co-polymers is also dramatically 
CIE, - affected by the presence of increasing concentrations of H (Table 4.1 and Fig. 4.4). 
Hence with 90 mol% of H in the feed, the molecular weight decreased 27-fold from 
1,240 kg/mol (run 34) to 44.8 kg/mol (run 37). As seen for ethylene homo- 
polymerisations, the PDIs are narrow across the different H 
loadings and are consistent 
with single site behaviour. 
* At 60 OC the solubility of ethylene is taken as 0.058 mol/l. 
bar. 14 
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Fig. 4.4 - GPC traces for the E-H co-polymer formed using 21/DMAC. 
The incorporation of H was determined by 13C 11 H jý NMR spectroscopy (Fig. 4.5) and 
was found to increase with co-monomer concentration resulting in 8.3 mol% with 90 
mol% of H in the feed (Fig. 4.5). Furthermore, the polymer microstructure reveals that 
virtually all the branches are isolated, indicating that the rate of H insertion after a 
previous H insertion is negligible compared to the rate of H insertion after a previous E 
insertion. This is consistent with decreasing activities and molecular weights when the 
co-monomer concentration is increased. 
* by integration of the I-hexene versus ethylene signals. 
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7...... T-... T 
45 40 35 30 25 20 15 PPM 
Fig. 4.5 _. 13C {'Hj NMR spectra of E-H co-polymer formed (90 mol% of H) using 21/DMAC. 
(kEE 
LV 
ýC4, 
Hq 
ýH 
E 
-, ýk Eý 
LV -l", 
C4H9 
kHH) ýCA ý kHE >> kHH] 
Scheme 4.1 - Relative rate of insertion of H after an inserted E or H. 
4.2.3 Effect of the Ligand Framework 
The ligand denticity and rigidity of the benzimidazolyl ligand was found previously to 
have a significant effect on E homo-polymerisation perfonnance (Section 3.3.3.2). In 
order to evaluate their effect on E-H co-polymerisation, complexes 21 and 31-33 and 
VC13(THF)3 were tested using 60 mol% of H in the feed; the activity and molecular 
weight data are shown in Table 4.2 and Fig. 4.7. 
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Me 
HN NH 
N-V N 
cl 
/N 
6 
Cl C, 
H2[N, NMe, N]VC13 21 
cI 
(N(nN)3 = L17) 
+ 
[Cly 
H2[N, Py, N]VC13 31 
HN' 
H 
NN 
6NýCj- 
-N, 
Cl 
cl 
[H3[N, N, N, NIVC131+-[Cll- 32 (H[Benz])3VC13 33 
Fig. 4.6 - Benzimidazolyl vanadium(III) complexes 21,31-33. 
Table 4.2 - E-H co-polymerisation (60 mol% of H) using 21,31-33 andVC13(THF)3 . 
Run Pre-cat. 
(loading (ýtmol)) 
1 Yield 
(g) 
Activity b C Mn 
(kg/mol) 
C mw 
(kg/mol) 
Mw/Mn Ine. d 
(M01%) 
35 
.............. I .................... 
21(0.3) 
................ ....................................................................... 
3.04 
7 ... 
500 305 
............................................. ........ 
1 96.5 
. ............................................... 
250 
............................................... 
2.6 
...................................... . .... . 
2.4 
... . .......................... .......... 
39 31(0.3) 0.61 6000 99.0 284 2.9 2.1 
40 32(0.3) 1.01 10,000 108 283 2.6 2.0 
41 33(0.6) 0.98 4ý900 115 967 e 8.4 2.5 
698 5.2 2.9 42 VC13(TfIF)3(0.3)1: 0.70 71000 134 
'Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 mmol), 
ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, H (4.3 ml), 10 min, 60 oC. 
b Activities in 
g/mmol. h. bar. 'Molecular weights determined by HT-GPC .d 
Determined by 13C (I H) NMR. 
'Bimodal (Mpk ý 324,3,740 kg/mol). 
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Fig. 4.7 - Effect of the ligand framework on E-H co-polymerisation activities and molecular weight 
distribution. 
As seen for E horno-polymerisation, the activities observed using 31-33/DMAC and 
VC13(THF)3/DMAC are significantly lower than when using 21/DMAC. However, 
whereas VC13(THF)3/DMAC consistently showed lower activities than the 
benzimidazolyl derived catalysts, its activity for E-H co-polymerisation is in fact 
superior to 31/DMAC and 33/DMAC. The M, for 21/DMAC and 31-33/DMAC (Mn = 
97-134 kg/mol) are lower than those for E horno-polymerisation (>1,000 kg/mol). 
Whereas the PDI of the polymer formed with 31-32/DMAC are low (M, /M, - 2), the 
polymer from 33/DMAC has a bimodal distribution (Fig. 4.7) with one peak in the same 
molecular weight region as the other vanadium catalysts and another smaller peak at 
higher molecular weight. The broader PDI's obtained with the tris(monodentate) ligated 
catalyst suggests that multidentate ligands are required for controlled polymerisation. 
VC13(THF)3/DMAC gave a polymer with a peak at a similar molecular weight as 
21/DMAC and 31-33/DMAC, but had a shoulder resulting in a broader PDI (M, /M,, = 
5.2). The H incorporation levels using 21/DMAC, 31-33/DMAC and 
VC13(THF)3/DMAC are all comparable and suggest that the nature of the ligand does 
not influence the rate of H insertion. 
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4.2.3.1 Effect of the Central Donor in the Benzimidazolyl [N, D, N] Ligand 
Complexes 22-26 and 30 were evaluated for E-H co-polymerisation to assess the effect 
of the central donor in bisbenzimidazolyl catalysts. The H incorporations, activities and 
molecular weight data are shown in Table 4.3. 
Table 4.3 - E-H co-polymerisation of (60 mol% of H) using 21,22-26 and 30. ' 
ityb mCCd Run Pre-cat. D Yield Activ n mw M, /M, Inc. 
(g) (kg/mol) (kg/mol) (M01%) 
35 21 We 3.04 30ý500 i 96.5 250 2.6 2.4 
43 ........... . 22 ............ ....................................................... ............ NPh ................................. 3.30 ............. ....................... 32ý400 ................. 62.9 .............................................. 190 ........................................... 
. ..... 3.0 ..................... .......... 2.9 
44 23 N(2,6-Me2Ph) 2.96 28)900 109 247 2.3 2.4 
45 24 0 1.40 13ý900 143 543 3.8 3.0 
46 25 s 3.08 30fi00 87.7 229 2.6 3.6 
47 30 C(H)Me 1.23 12ý200 127 308 2.4 2.4 
'Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 mmol), 
ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, H (4.3 ml), 10 min, 60 IC. b Activities in 
g/mmol. h. bar. 'Molecular weights determined by HT-GPC. d Deten-nined by 13CI 'H) NMR. 
Comparable activities are obtained using the N and S containing catalysts 21-23 and 
25/DMAC. However the 0 and C bridged catalysts 24/DMAC and 30/DMAC were 
notably less active. As comparable ethylene horno-polymerisation activities were 
obtained with 21-25/DMAC and 30/DMAC the difference in activities for E-H co- 
polymerisation cannot be attributed to different rates of ethylene insertion or 
reactivation. Furthermore the broadly similar H incorporations for each catalyst indicate 
that the energy barriers of H insertion are also not responsible for the observed activities 
(and that H is not impeded by the steric envirom-nent around the central atoms). It is 
therefore plausible that it is the rate of E insertion after a previous H insertion that 
distinguishes these catalysts. Such a difference could be caused by the hemilability of 
the central donor when a butyl branch is close to the metal centre, with the truly 
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bidentate benzimidazolyl catalyst 30/DMAC and the presumably tridentate oxygen 
containing catalyst 24/DMAC having the lowest activities. 
The molecular weight of the co-polymers are similar (M, = 190-308 kg/mol) except for 
the polymer formed with 24/DMAC, which is significantly higher (Mw == 543 kg/mol). 
As comparable molecular weights are observed for E homo-polymerisation, it seems 
that the oxygen donor must restrict the rate of termination after H insertion. The PDI's 
are all low and consistent with single site behaviour. 
4.3 Ethylene - Cycloolefin Co-polymerisation 
An increasing interest in the (co-)polymerisation of cyclic olefins, such as norbomene 
(NB), is a result of the highly desirable properties of the resultant polymers which often 
have high glass transition temperatures, high optical transparency, and low dielectric 
constants. 
In addition to cationic and radical mechanisms, the NB unit can also be polymerised 
using two metal-mediated mechanisms; the first is ring-opening metathesis 
polymerisation (ROMP) and the second is 1,2-addition. These mechanisms give the 
distinct polymer structures shown in Fig. 4.8. 
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.0 
M 
mo\ 
17 'ý'ýý04jp 
Fig. 4.8 - The polymerisation of NB via ROMP or migratory insertion mechanisms. 
ROMP involves breaking the unsaturated 5-membered ring of the monomer at the 
olefinic bond. 
15-1 8 This liberates ring strain' 
9,20 (15 kcal/mol in NB 21,22 ) and overcomes 
the unfavourable entropy change involved in polymerisation 
23-25. Now, non-strained 
olefins bridge the remaining cyclopentane units in the polymer structure. In contrast, 
migratory insertion retains the bicyclic norbornane structure within the polymer 
backbone. 
Unfortunately the main draw back of these saturated cyclo-olefin homo-polymers is 
their lack of processability caused by low solubility in organic solvents and melting 
points that can be higher than their decomposition temperatures. 26-29However in 1991, 
Kaminsky and co-workers 30-32 synthesised cyclic olefin co-polymers (COCs) such as E- 
NB co-polymers that overcame these difficulties. Indeed E-NB co-polymers are 
typically amorphous, have high chemical resistance and a wide range of glass transition 
temperatures (room temperature to about 220 OC) all of which allow substantial 
improvements in processability 
33 compared to NB homo-polymer. Furthermore, these 
co-polymers have excellent optical clarity due to the rigid 
bicyclic units in the polymer 
which prevent crystallisation. This makes COCs suitable for applications such as 
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coatings for high-capacity CDs and DVDs, for lenses, medical equipment, toner binder, 
and packaging. Ticona and Mitsui have developed these co-polymers to the commercial 
products TOPAS34 and APEL '35 respectively. 
Fig. 4.9 - E-NB co-polymer. 
Apart from metallocenes, VOC13,, when combined with ethyl aluminium sesquichloride, 
is known to co-polymerise E and bicyclic or multicyclic olefins. 31 More recently, 
examples of a number of homogeneous vanadium (V) complexes were found to be 
active for E-NB co-polymerisation when activated with an aluminium co-catalyst. 
13,33,34 
For instance LVI/EtAIC12gave a low activity (15 0 g/mmol. h. bar) with an incorporation 
of 18 mol% in the presence of more than 75 mol% of NB. Nomura and co-workers also 
reported L/MAO to be active for E-NB co-polymerisation, with an activity of 2,500 
g/mmol. h. bar and an incorporation of 13.2 mol% in the presence of 17 mol% of NB. 
The activity was found to increase by an order of magnitude, as well as giving higher 
molecular weight product when L was activated with DEAC; lower NB incorporation 
was observed (5.1 mol%), however. 
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Fig. 4.10 - Imido Vanadium complex L. 
4.3.1 General Considerations 
Norbornene (NB) co-monomer, purified and dried prior to use, was injected as a 
solution of known concentration. A preliminary study into the co-polymerization of E- 
NB using [N, NMe, N]H2VC13 21 was first carried out, followed by the evaluation of 
complexes 22-25 and 29-33. 
4.3.2 Effect of the Ethylene - Norbornene Ratio Using 21 
Similar to E-H, H2[N, NMe, N]VC13 21 was tested over a range of EAB compositions. 
The incorporations, activities and molecular weight data are shown in Table 4.4. 
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Table 4.4 - Co-polymerisation of NB compositions using 21/DMAC. ' 
d Md M Run NB in Feed Pre-cat. Time Yield Activityc M,, Inc. ' w wimn 1 (min) (g) I (kg/mol) (kg/mol) (mol%) (mol%) Loading 
(RM01) 
35 
.......... ............. ............................ ................. 
0.05 
................................ I ......... ..... . .... 
30 
.......................... 
2.28 
.................................... 
45,600 
.... .............................................. . 
444 
............................................. 
1 ý240 ........... ................................. .. 
2.8 
......... ......... ................ ...... 
n1a 
............ . ......... ........... - 
48 51 0.3 13 5.25 40400 88.4 209 2.4 8.8 
49 70 0.3 20 3.17 15 800 75.7 195 2.6 27.1 
50 86 0.9 25 6.50 8,700 72.1 135 1.9 34.9 
51 b 97 1 7.5 180 1.59 47 1 30.9 179 f 5.8 35.6 
'Polymerisation conditions: Fischer-Porter reactor, DMAC (2.0 mmol), ETAC (300 equiv. ), toluene 
(200 ml), 2 bar ethylene, 60 oC. b 1.5 bar ethylene. 'Activities in g/mmol. h. bar . 
dMolecular weights 
determined by HT-GPC. 'Determined by 13C {1Hj NMR. fUnimodal 
In the presence of 51 mol% of NB (run 48), the activity of 21/DMAC only decreased by 
II% compared to the homo-polymerisation. In the presence of 70 and 86 mol% of NB 
in the feed (runs 49 and 50, respectively) more significant reductions in activity were 
recorded, until at 97 rnol% NB (run 5 1) the activity was 47 g/mmol. h. bar. Similarly to 
the E-H co-polymerisations, the molecular weight of the resulting co-polymer was 
reduced by the presence of an increasing amount of NB. 1ndeed, with 86 mol% of NB, 
M, decreased by an order of magnitude from 1,200 kg/mol (run 35) to 134 kg/mol (run 
50). The PDls for the co-polymer formed using 50-86 mol% of NB were in the range 
1.9 - 2.6, consistent with single site 
behaviour. It was only at very high loadings (97 %) 
that PDI became significantly broader (M, /M,, = 5.8). 
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Fig. 4.11 - GPC traces for the E-NB co-polymer formed using 21/DMAC. ' 
By using 13C I 'HI NMR spectroscopy (Fig. 4.12), the incorporation* of co-monomer 
can be determined. 36 NB incorporation increases from 8.8 to 36.4 mol% as co-monomer 
concentration increases from 50 to 86 mol%. Interestingly the incorporation only 
increases by a further 0.2 mol% when passing from 86 to 97 mol% NB and indicates a 
maximum incorporation limit at 2 bar of ethylene. The polymer microstructure reveals 
that no visible NB-NB consecutive units are present. Therefore, similarly to H, the rate 
of NB insertion after a previous NB has inserted is significantly slower that the rate of E 
insertion after a previous NB insertion. This is consistent with the decreasing activities 
and molecular weight when co-monomer concentration is increased. At 36.6 mol% NB 
incorporation, a significant amount of alternating E-NB (Alt. ) units are observed 
alongside isolated (Isola. ) NB units (Fig. 4.12). 
* 13 Cf 'HI NMR spectroscopy allows the determination of the norbornene incorporation in the 
copolymer by integration of norbornene versus ethylene signals, according to 
Equation (1): 36 
IncorporationMOI% -ý-- I(C2/C3) 
ý [I(CI/C4)+I(C7)+I(C5/C6, CH2)-I 
. 
51(C2/C3)] 
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C2 f C3 Cl /C4 
Alt iso Alt syn 
+ Isola 
Alt syn Alt so 
Isola 
C7 C5 / C6 and PE CH, 
Alt Iso/a 
33.5 33 
55 50 45 40 35 30 ppm 
65 
Isolated NB (Isola. ) unit in the polymer chain Altemating syndiotactic (Alt. syn/S,, p r) 
Altemating isotactic (Alt. iso/Sp m) 
Fig. 4.12 - 
l3q 1H) NMR spectrum of E-NB co-polymer formed using 21/DMAC (97 mol% of NB). 
4.3.2.1 Effect of the Ligand Framework 
The effect of the ligand framework on E-NB co-polymerisation was evaluated using 
complexes 31-33 and VC13(THF)3. The co-monomer 
incorporation, activities and 
molecular weight data are shown in Table 4.5. 
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a Table 4.5 - E-NB co-polymerisatIon (70 mol% of NB) using 21,31-33, and VC]3(THF)3 . 
CCd Run Pre-cat. Time Yield Activity': Mn MW Mw/Mn Inc. 
(min) (kg/mol) (kg/mol) (g) (Mol%) 
35 
................. 
21 
.... .......... ......................... ........... 
20 3.17 
.......................... 
15,800 
................................. 
75.7 
......................................... 
195 
.... 
2.6 27.1 
52 31 20 0.69 3,400 64.9 146 ............ ........... 2.3 ............. 28.6 
53 32 20 1.74 85700 89.1 161 1.8 26.7 
54 33 40 3.40 1,700 >2,000 n1a 8.1 
55 VC13(THF)3 40 3.47 1 ý700 138 1,900 13.8 10.11 'Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 mmol), 
ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, NB (34mmol), 60 oC. b Activities in 
g/mmol. h. bar. 'Molecular weights determined by HT-GPC .d 
Determined by 13C I 'HI NMR. 
e Bimodal (Mpk ý 90.2,3,290 kg/mol). fSoluble polymer fraction. 
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Fig. 4.13 - Effect of the ligand framework on E-NB co-polymerisation activities and molecular weight 
distribution. 
The activities observed using 31-33/DMAC and VC13(THF)3/DMAC are substantially 
lower than for 21/DMAC, although 32/DMAC now shows more than 50 % of the 
activity of 21/DMAC compared to 30 % for E-H co-polymerisation. The molecular 
weights of the polymer formed using 21/DMAC and 31-32/DMAC are lower than for E 
homo-polymerisation (M, >1,000 kg/mol). 33/DMAC and VC13(THF)3/DMAC result in 
much higher M, (>1,900 kg/mol). In addition, whereas the PDI's of the polymer formed 
using 21/DMAC, 31-32/DMAC are 
IOW (Mw/Mn - 2), VC13(THF)3/DMAC has a 
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bimodal distribution (Fig. 4.13) with a less intense peak in the molecular weight region 
of 21/DMAC, as well as a much more intense peak at higher molecular weight. 
The polymer formed using 33/DMAC and VC13(THF)3/DMAC is not completely 
soluble in the NMR solvent. However, the soluble polymer fraction, which is expected 
to correspond to the lower molecular weight peak, only had NB incorporations of 10.0 
and 8.1 mol%, respectively. This contrasts significantly with the observed NB 
incorporations for 21/DMAC, 31-32/DMAC, which are all between 26 and 29 mol%. 
Thus 33/DMAC and VC13(THF)3/DMAC do not incorporate NB efficiently. This may 
accelerate decomposition reactions and generate additional active species suggested by 
the bimodal molecular weight distribution. Based on this distribution, as well as the NB 
incorporations, it is possible that the low molecular weight fraction could correspond to 
a soluble E-NB co-polymer fraction, whereas the insoluble higher molecular weight 
fraction could be E horno-polymer. 
4.3.2.2 Effect of the Central Donor in the Benzimidazolyl [N, D, Ni Ligand 
Complexes 22-26 and 30 were evaluated for E-NB co-polymerisation, the results are 
shown in Table 4.6. Some of the trends previously identified 
for E-H co-polymerisation 
are also observed for E-NB co-polymerisation. The activities 
for 22-23/DMAC and 
25/DMAC are again significantly higher (50 % on average) than 
for 24/DMAC and 
30/DMAC for NB co-polymerisation. However, 21/DMAC also has 
lowered activity 
which may be due to the bulkier co-monomer. 
The molecular weights and NB 
incorporations are in the same range for all catalysts. 
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Table 4.6 - E-NB co-polymerisation ( 70 mol% of NB) using 21,22-26 and 30. ' 
Run Pre-cat. D Yield 
(g) 
Activitýb Mno 
I (kg/mol) 
M, /M,, Mwe 
(kg/mol) 1 
d Inc. 
(M01%) 
35 21 NMe 3.17 
................................ .................... ......................... ................................................. ....................................................... 
15,800 75.7 
............................................. .............................................. 
194 2.6 
....... .......................................... ................................. .... 
27.1 
............... ............ 
56 22 NPh 4.62 23,100 1 54.1 155 2.9 29.1 
57 23 N(2,6 -Me2Ph) 4.97 24,800 85.2 175 2.1 28.6 
58 24 0 2.03 105200 71.1 130 1.8 26.9 
59 25 s 4.58 23,000 69.2 162 2.4 30.0 
60 30 C(H)Me 2.00 10,000 84.4 156 1.8 29.0_ 
'Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 mmol), 
ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, NB ý34 mmol), 20 min, 60 oC. b Activities in 
g/mmol. h. bar. 'Molecular weights determined by HT-GPC. Determined by 13C, 1HI NMR. 
4.3.3 Benchmark Study for Co-polymerisations Using XXXIII, Ll and 
LXII 
Only a limited number of studies have been reported using homogeneous vanadium 
catalysts for the co-polymerisation of E with H 
12,13 
or NB. 
13,33,34 Thus it was of interest 
to carry out a comparative study between pre-catalyst H2[N, NMe, N]VC13 
21 and the 
known pre-catalysts XW, 
137 
, 
L138-40 and LX1,41,42 (Fig. 4.14) for E-H and E-NB co- 
polymerisation under the same conditions. 
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L138-40 LX1141,42 
Fig. 4.14 - Vanadium pre-catalysts XXXIII, LI and LXII tested for E-H co-polymerisation 
Table 4.7 - Co-polymerisation of E-H (60 mol% of H) using XXXIII, LI and LXII/DMAC. 
Run Pre-cat. Polymer b Activity I N4 c C M, /M, MW d Inc. 
yield (g) (kg/mol) (kg/mol) (mol%) 
35 
................................ 
21 
......................................................... ... 
3.04 
................................................ 
30500 
....... ............................................ .. 
96.5 
............................................ 
250 
............................................... 
2.6 
................ ............................. 
2.4 
..................... . ... 61 XXXIII 0.29 2,800 100 259 2.6 1.9 
62 Ll 3.36 33fflO 86.2 212 2.5 1.6 
63 LXII 0.19 13,900 122 309 2.5 1.5 
'Polyrnerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 
mmol), ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, H (4.3 ml), 10 min, 60 'C. bd Activities in g/mmol. h. bar. 'Molecular weights determined by HT-GPC. Determined by 
13C f 1H) NMR. 
Results for the E-H co-polymerisations are shown in Table 4.7. The phenoxyimine 
catalyst LI/DMAC shows activities in the same range as 21/DMAC (>30,000 
g/mmol. h. bar), whereas the Cp-imido and bis(imino)pyridine catalysts XXXIII and 
LXII/DMAC have much lower activities (< 3,000 g/mmol. h. bar). This further confirms 
that the modifications of the ligand framework can significantly influence activities for 
E-H co-polymerisation. Although molecular weights are comparable for the polymer 
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from all catalysts, the H incorporation for XXXIII, LI and LXII/DMAC are 
consistently lower than for 21/DMAC. 
Table 4.8 - Co-polymerisation of NB with 60 mol% of NB using XXXIII, LI and LXIFDMAC. ' 
Run Pre-cat. Polymer b Activity" Mn mwb Mw/Mn C Inc. 
(Loading yield (g) (kg/mol) (kg/mol) (mol%) 
(ýtmol)) 
35 
.............. -- ........ 
21(0.3) 
........................................ ................... ... 
3.17 
............ ............ 
800 75.7 15ý 
........................ .......... ................................. ..... ...... 
194 
..................... - .......... .............. 
1 2.6 
.................... ----------- ----- - 
27.1 
64 XXXIII (1)ý 3.66 85.9 2,700 162 1.89 26.8 
65 LI (0.3) i 2.75 135800 38.2 113 3.0 29.4 
66 LXII (0.3) trace -- - - 
'Polymerisation conditions: Fischer-Porter reactor, pre-catalyst (300 nmol), DMAC (2.0 
mmol), ETAC (300 equiv. ), toluene (200 ml), 2 bar ethylene, 10 min, 60 'C. 'Activities in 
g/mmol. h. bar. bMolecular weights determined by HT-GPC. cDetermined by 
"C{'HI 
NMR. dBimodal 
Results for the E-NB co-polymerisations are shown in Table 4.8. Catalyst LI/DMAC 
shows activities in the same range as 21/DMAC (-14,000 g/mmol. h. bar), whereas 
LXII/DMAC show almost no activity and XXXIII/DMAC has a much reduced activity 
(< 3,000 g/mmol. h. bar). Although molecular weights are comparable for the polymer 
formed using 21/DMAC and XXXIII/DMAC, the polymer arising from LI/DMAC 
has 
a lower molecular weight. NB incorporations for XXXIII, LI and LXII/DMAC are 
similar to those obtained for 21/DMAC. 
4.4 Ethylene and Butadiene Co-polymerisation 
4.4.1 Introduction 
The co-polymerisation of ethylene with dienes can potentially 
facilitate the introduction 
of unsaturated units into the polymer 
backbone. These may offer sites for 
functionalisation. 
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1,3-Butadiene, a major product of the petrochemical industry, Is cheap and readily 
available. Hence the synthesis of ethylene- 1,3-butadiene co-polymers (E-B) has 
attracted growing interest from academic and industrial researchers. However, the 1,3- 
butadiene homo-polymerisation is believed to take place via the formation of metal-allyl 
species which are substantially different to the propagating alkyl species for a-olefin 
homo-polymerisation (Scheme 4.2). Hence, it is a challenge to find catalysts that are 
able to co-polymerise them successfully. 
The scope and variety of the E-B co-polymerisation mechanism is much more complex 
than a-olefin co-polymerisation. This is due to the presence of two classes of monomer 
with significantly different mechanistic aspects. In 1,3-butadiene homo-polymerisation 
(Scheme 4.2), the diene can coordinate to the metal centre in a il 
2 
or il 
4 (anti or syn) 
fashion. This is followed by insertion of one of the two double bonds to give a metal- 
allyl species, which is believed to be the key intermediate in determining the structure 
of the polymer. The allyl unit can coordinate in an anti or syn conformation to the metal 
centre. * The two conformers isomerise through the formation of a ill-species followed 
by the rotation of the vinyl group around the C2-C3 bond. A subsequent 1,4-insertion 
gives a 1,4-polybutadiene unit, with the anti or sn arrangement responsible for the y 
formation of cis or trans double bonds, respectively. Alternatively, a 1,2-insertion can 
take place which leads to the fonnation of a 1,2-polybutadiene unit bearing a pendant 
vinyl group. This mechanism is believed to be valid for transition metals that can 
catalyse the polymerisation of 1,3-butadiene. 
* The anti or syn conformation is defined by the conformation of the 
hydrogen atom on C2 and the CH, R 
group at the C3 of the allyl group. These groups are eclipsed 
in the syn conformation and staggered in the 
anti conformation. 
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Scheme 4.2 - Mechanism for 1,3-butadiene polymerisation. 
The E-B co-polymerisation mechanism is believed to be a combination of both the 
butadiene and ethylene horno-polymerisation mechanisms, hence, a catalyst must be 
able to horno-polymerise both ethylene and 1,3-butadiene. The catalyst must also be 
able to insert ethylene after a previous 1,3-butadiene insertion. This step is believed to 
take place via the insertion of ethylene in the metal il 3 -allyl bond (Scheme 4.3 ). 
43 
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p 
p E or 8 mt 
mt 00 
vt 
L 
Scheme 4.3 - Ethylene insertion in 113 -allyl bond. 
Having all these possible mechanisms intertwined can lead to the formation of E-B co- 
polymers containing cis1trans butadiene units as well as vinyl pendant groups, which 
can be in turn be randomly distributed, alternating or form block co-polymers. 
A further complication is the formation of cyclic propane, pentane and hexane units in 
the polymer backbone . 
44-50 Galimberti and co-workers explained their formation by an 
intramolecular insertion of a pendant vinyl unit (Scheme 4.4). 46 The resulting cyclic 
units can have cis or trans configurations. 44 
E Mt p p Mt p 
Mt 
Scheme 4.4 - Intramolecular insertion leading to the formation of cyclopentane unit. 
Vanadium halide complexes when treated with aluminium alkyl compounds have been 
found to be active for E-B co-polymerisation. 51-54 However, low polymerisation 
temperatures are usually required. A recent study by Grassi and co-workers 55 has shown 
that the bis(imino)pyridyl vanadium complex III was unable to co-polymerise E-B 
when activated with A12Et3CI3 as only a mixture of homo-polyethylene and homo- 
butadiene was obtained. However, III/MAO was found to be active for E-B co- 
polymerisation (6 g/mmol. h. bar at 25 'C with 63 mol% of B in the feed) and low B 
incorporations (0.8 mol% of 1,4-trans and 0.2 mol% of 1,2-vinyl units) were observed. 
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Metallocene type catalysts have also been reported to co-polymerise ethylene and 1,3- 
butadiene. Activities were found to decrease dramatically as the 1,3-butadiene content 
was increased, and undesirable cyclic products are also formed (Scheme 4.4). 
44,45 
Recently, E-B co-polymers, containing different amounts of 1,3-butadiene ranging from 
0 to 100 mol%, have been synthesised using neodymocene complex LXIII (Fig. 4.15) 
in combination with butyloctyl-magnesium, an alkylating and chain transfer agent. 
Although activities are low (50 - 150 g/mmol. h. at 80 'C), 0-100% butadiene can be 
incorporated mainly in a trans-1,4 fashion. 43 
cl 
SiMe2 
LX11,43 
Fig. 4.15 -Neodymiocene complex LXIII. 
The encouraging results obtained using bisbenzimidazolyl vanadium catalysts for the 
co-polymerisation of ethylene with H and NB, prompted us to investigate their potential 
for E-B co-polymerisation. VC13(THF)3 and rac-(CH2)(1-indenyl)2ZrCI2 LXIV (Fig. 
4.16) were also tested for comparison with our catalyst. 
IWIZ I 
-wcl 
LXIV 
Fig. 4.16 - rac-(CH2)(1-indenyl)2)ZrCl2complex LXIV- 
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4.4.2 Co-polymerisation Results 
E-B co-polymerisations, using pre-formed mixtures of the two gases, were performed 
using 21/DMAC andVC13(THF)3 at 60 'C; using DMAC as the scavenger and ETAC 
as the reactivator, the metallocene pre-catalyst rac-(CH2)(I -indenyl)2ZrCl2LXIV was 
activated with MAO. All tests were performed in Fischer-Porter reactors in order to 
ensure homogeneity in the conditions and comparability of the results. The activities 
and polymer properties data are shown in Table 4.9 and Table 4.10 respectively. 
Table 4.9 - Co-polymerisation of E-B. ' 
Run B 
in feed 
Cocat. 
(mmol) 
ETAC 
(equiv. ) 
i Pre-cat. (loading 
Gtmol)) 
Time 
(min) 
Yield 
(g) 
b Activity 
67 MAO LXIV (0.4) 5 3.1 835100 
68 8 MAO LXIV (2.0) 4 3.2 235800 
69 18 MAO LXIV (2.0) 4 3.2 24)200 
70 
............................. 
35 
................................................... ....... 
MAO 
.......... ....................................... ........................ ................... 
LXIV (2.0) t ............................................. ............................................. ..... 
4 
.............................. ....... 
3.1 
........................................ 
225900 
...................................................... 71 0 DMAC 300 21(0.5) 5 2.1 495800 
72 8 DNIAC 300 21(2.0) 45 1.8 1200 
73 18 DMAC 300 21(2.0) 45 0.7 430 
74 
................. .. 
38 
................................................... ....... 
DMAC 
............................................... .. 
300 
.............................. .............. 
21(2.0) 
................ .................................... ........................... ..... 
120 
....................................... 
0.5 
............................ .......... 
140 
................ . ...... . ................. ....... 75 0 DMAC 300 VC13(THF)3 (0.5) 10 0.9 10,300 
76 8 DMAC 300 VC13(THF)3 (2.0) 45 0.6 420 
77 17 DMAC 300 VCIATFIF)3 (2.0) 45 0.4 280 
78 36 DMAC 300 VC13(THF)3 (2.0) 120 0.5 110 
'Polymerisation conditions: Fischer-Porter reactor, 2 mmol co-catalyst, ETAC (300 equiv. ), toluene 
(250 ml), 2 bar E/B, 60 oC. b Activities in g/mmol. h. bar. 
All activities decrease significantlY in the presence of 1,3-butadiene compared to E 
homo-polymerisation. While for 21/DMAC andVC13(THF)3/DMAC this decrease is 
around 97 mol% with 8 mol% of B in the feed, LXIV/MAO shows a decrease in 
activity of only 75 %. Perfonnance decreases further as the B in the feed increases for 
both vanadium catalysts, down to 140 and 110 g/mmol. h. bar for 21/DMAC and 
VC13(THF)3/DMAC, respectively. For LXIV/MAO, following the initial decrease in 
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activity in the presence of B in the feed, the yield of polymer is almost unaffected by 
increases in the concentration of B. 
Table 4.10 - Polymer properties for E-B co-polymerisation. ' 
Mnb b Run B Pre-cat. (loading 1 m w Mw/M,, ' 1,4-Bc Cyclopentanec Cis1trans in ([Lmol)) '(kg/mol) (kg/mol) ! (mol%) (mol%) cyclopentane 
feed units (%) 
Cis Trans 
67 0 LXIV (0.4) 1 63.7 218 3.4 n1a n1a 
68 8 LXIV (2.0) i 44.8 241 5.4 
d 0.12 0.21 0 100 
69 18 LXIV (2.0) 37.5 181 d 4.8 0.34 0.32 8 92 
70 
.................. 
35 
......................... 
LXIV (2.0) 
....................... .................................................................... ..... 
40.9 
..................................... 
166 
.................... ..................... 
d 4 
.................... .............. 
1 0.35 
.......................... ............ 
0.54 
................................. ........................... 
3 
................. 
97 
.......... . 71 0 21(0.5) 187 590 3.2 n1a n1a 
72 8 21(2.0) 31.5 69.9 2.2 0.20 0 
73 18 21(2.0) 30.0 111 d 3.7 i 0.38 0 
74 
................. 
38 
........ . 
21(2.0) 
............................................................................................ ..... 
11.0 
................................ .... 
62.9 
.......................................... 
d 5.7 
................................... 
1.29 
......................... ................ 
< 0.06 
............. .......... 
0 100 
75 0 VC13(TITF)3 (0.5) 209 828 4.0 n1a n1a 
76 8 VC13(THF)3 (2.0) 106 Looo d 9.6 < 0.05 traces 
77 17 VC13(THF)3 (2.0) t 3 8.8 718 
d 18.5 :<0.1 < 0.15 0 100 
78 36 VC13(THF)3 (2.0) 12.7 301 23.6 d 0.39 < 0.2 0 100 
'Polymerisation conditions: Fischer-Porter reactor, toluene (250 ml), 2 bar E/B, 60 oC. bMolecular 
weights determined by HT-GPC. cDetermined by 13Cf 'HI NMR. d Bimodal. 
The molecular weight of the co-polymer formed using LXIV/MAO decreases as the B 
concentration increases (Fig. 4.17), but more significantly the molecular weight 
distribution shows the presence of a shoulder at high molecular weight which decreases 
in intensity as the B concentration increased. This indicates that LXIV/MAO likely 
produces a mixture of polymers, homo- and co-polymer, during the E-B co- 
polymerisation. 
* The relatively large PDI obtained using LXIV/MAO for ethylene hornopolymerisation is a result of 
rapid polymer formation and suggests non-homogeneous conditions due to inefficient supply of monomer 
to the active species. 
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Fig. 4.17 - E-B polymer distribution for an increasing amount of B in the feed using LXIV/MAO. 
Analysis of the co-polymer by 13 CjIHj NMR spectroscopy (Fig. 4.18) reveals the 
presence of EB signals where the 1,3-butadiene units are incorporated in a 1,4-trans 
fashion, no consecutive BB signals are visible which rules out the presence of 1,4-trans 
polybutadiene in the product mixture. 56 Substantial signals corresponding to E and 
cis1trans cyclopentane units (C, and Ct respectively) are observed. 45 Both cyclic and 
1,4-trans units increase as the co-monomer concentration increases. The cyclic 
structures are mainly composed of trans-units with only trace of cis units being 
observed. 
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Fig. 4.19 - E-B polymer distribution for an increasing amount of B in the feed using 21/DMAC. 
At low loadings of B, 21/DMAC incorporates slightly less B than the metallocene 
catalyst LXIV/MAO. However, the butadiene content of co-polymer forms 1,4-trans 
units exclusively with no cyclic structures detected by 1 3Cý 11-11 NMR spectroscopy. At 
38 mol% of B in the feed, the B content in the co-Polymer increases, of which 1.29 
mol% is I 4-trans units, 3.5 times more than LXIV/MAO. Interestingly, a small amount 
(< 0.06 mol%) of E- trans-cyclopentane units are also detectable which indicates that, 
cyclic units can form by intramolecular cyclisation at high B concentrations. 
The ability of 21/DMAC to fonn E-B co-polymers contrasts with the observations of 
Grassi and co-workers 
55 
who showed that XXXIII in conjunction with 
A12Et3CI3 only 
afforded a mixture of homo-polyethylene and homo-polybutadiene. Furthermore, they 
have shown that XXXIII/MAO in the presence of more than 60 mol%, incorporated B 
mainly in a 1,4-trans-fashion but also in a 1,4-cis- and 1,2-fashion; no signals for cyclic 
units are reported. 
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Fig. 4.20 - 
13C { 'HI of the E-B polymer synthesised with for 38 mol% of B in the feed using 21/DMAC. 
Similarly to 21/DMAC, the molecular weight of the E-B co-polymers using 
VC13(THF)3/DMAC decrease significantly as the B concentration is raised (Fig. 4.21). 
In contrast however, the molecular weight distribution is clearly bimodal at each E: B 
ratio, comprising a high and low molecular weight fraction. Furthermore, as the amount 
of B in the feed increases, the high molecular weight fraction decreases relative to the 
low molecular weight fraction. The high molecular weight fraction is of similar 
molecular weight to that obtained for ethylene homo-polymer using 
VC13(THF)3/DMAC. It seems likely that the lower M, fraction could correspond to E-B 
co-polymer since this fraction increases with the concentration of B in the feed, the 
higher polymer fraction then corresponding to ethylene homo-polymer. 
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Fig. 4.21 - GPC traces for E-B co-polyrner formed usingVC13(THF)3/DMAC. 
Compared to 21/DMAC, VC13(THF)3/DMAC is less efficient at incorporating butadiene 
at all feed compositions: at 36 mol% B in the feed, 0.39 mol% 1,4-trans units and less 
than 0.2 mol% of cyclic units were observed in the 13C f 'HI NMR spectrum. No 
consecutive B-B signals were observed. 
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Fig. 4.22 - 13C f 
]H) of the E-B polymer synthesised with for 38 mol% of B in the feed using 
VC13(THF)3/DMAC. 
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4.5 Summary and Conclusions 
Although the activity of 21/DMAC decreases significantly when the co-monomer in the 
feed is higher than 80 mol%, 21/DMAC along with 22-25/DMAC and 30-32/DMAC 
catalysts are able to sustain high activities when compared to 33/DMAC, 
VC13(THF)3/DMAC and XXXIII, Ll and LXII/DMAC for both E-H and E-NB co- 
polymerisation, The nature of the ligand's central donor and denticity has a significant 
effect on the co-polymerisation activities and polymer properties. Furthermore, the 
results suggest that the potentially hemilabile central donor could play a role in assisting 
the metal centre during monomer insertion. 
Comparing the polymerisation results for both E-H and E-NB shows that NB is more 
efficiently incorporated by all the vanadium catalysts. The decrease in activity for 
21/DMAC in E-NB co-polymerisation is not as significant as for E-H co- 
polymerisation. Indeed, when using more than 80 mol% of H in the feed, the activity is 
lower than 2,, 000 g/mmol. h. bar while for 86 mol% of NB in the feed, an activity of 
more than 8,000 g/mmol. h. bar is maintained. Additionally, the comonomer 
incorporation is higher for NB than for H over all the feed compositions. This is 
consistent with NB being a more reactive monomer than H. 
Although 21/DMAC activity decreases significantly when B is present in the feed, the 
activities are significantly higher than those observed for VC13(THF)3/DMAC. 
Additionally, the molecular weight of the resulting polymer using 21/DMAC is 
unimodal with a shoulder at higher M, while for LXIV/DMAC a shoulder at 
higher 
M, is present and a clear bimodal distribution is observed forVC13(THF)3/DMAC. 
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The polymer analysis reveals that 21/DMAC incorporates B mainly in a 1,4-trans 
fashion, with only traces of cyclic units at high B concentrations. VC13(THF)3/DMAC 
and LXIV/DMAC produce more significant amounts of cyclic units. 
It appears thatVC13(THF)3/DMAC produces a mixture of ethylene homo-polymer and 
E-B co-polymer. Hence, the presence of the bisbenzimidazolyl ligand [N, NMe, N]H2 is 
able to assist the metal centre in incorporating B which also results in higher overall 
activities. 
Some exclusive characteristics have been observed using benzimidazolyl derived 
vanadium catalysts with a potentially large scope of applications. Although this work 
has highlighted the importance of the ligand. framework, the fundamental understanding 
of the interplay of the co-catalyst and reactivator remains to be fully understood. Only 
when these complex interactions are revealed will it be possible to design the next 
generations of vanadium catalysts. Nevertheless, the versatility of the use of vanadium 
based catalysts remains both academically and industrially very attractive. 
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5.1 Introduction 
5.1.1 General Remarks 
All manipulations of water and/or moisture sensitive compounds were performed by 
means of standard high vacuum Schlenk and cannula techniques. Air and moisture 
sensitive compounds were stored in a nitrogen filled glove-box at room temperature, 
unless stated otherwise. 
5.1.2 Solvents and Reagents 
All solvents used for air and moisture sensitive compounds were stored in glass 
ampoules under a nitrogen atmosphere. Pentane, heptane and toluene were dried by 
passing through a cylinder containing commercially available Q-5 reactant (13 wt. 
Cu(11)0 on alumina) and activated alumina (pellets, 3 mm), and stored over a potassium 
mirror. Diethyl ether was distilled from sodium benzophenone ketyl and stored over a 
potassium miffor. THF and CH202were distilled from potassium metal and powdered 
calcium hydride, respectively, and stored over 4A molecular sieves. All solvents were 
thoroughly deoxygenated before use. All deuterated NMR solvents were dried and 
stored over 4A sieves. 
The following precursors were prepared according to published procedures or 
modifications thereof: TiC14(THF)2', Ti(NMe2)CI2 
2, Ti(CH2Ph)4 3, VC13(THF)3', 
V(Mes)3 4. Ti(O'Pr)4, Ti(NMe2)4, and VO(OR)3 (R = 'Pr, 'Pr,, Me) were purchased from 
Aldrich Chemicals. VO(O'Pr)3was further purified by vacuum-transfer and stored in an 
ampoule under nitrogen at 0T in the absence of light. 
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Ethylene (CP grade) was purified by passing it through an Oxy-trap and gas drier 
(Alltech Associates). I -Hexene and norbomene were distilled twice over potassium and 
stored over a potassium mirror. 
All other reagents were purchased from Aldrich Chemicals or Acros Organics (and used 
without further purification) except for MAO which was purchased from Crompton. 
5.1.3 Characterisation Methods 
NMR spectra were recorded on Bruker AC-250, DRX-400, AM-500, Avance-400 and 
Avance-500 spectrometers. 1H and 13 C NMR chemical shifts were referenced internally 
to the residual 1H and 13 C NMR signal of the deuterated solvents, respectively. 51V 
NMR was referenced internally to the residual signal of VO(On Pr)3. The following 
nu abbreviations have been used for band multiplicities: s (singlet), d (doublet), t (triplet), 
q(quartet), dd (doublet of doublets), dt (doublet of triplets) m (unresolved multiplet), b 
(broad), sept (septet). 
For polyethylene samples, 200-250 mg of polymer was dissolved in a 2: 1 (by volume) 
mixture of 1,2,4-trichlorobenzene: 1,1,2,2-tetrachloroethane-d2 at 13 0 'C in a 10 mm 
NMR tube. Samples were run on a Jeol-270 MHz, AC 200 and DPX 300 spectrometer 
at 130 OC with a pulse delay of 15 sec. 
Magnetic susceptibility measurements were obtained using Evans' NMR method-5 
Typically, 3-6 mg of complex was dissolved in a 95: 5 v/v mixture of DMSO-d6 and 
CH2CI2 in a2 ml volumetric flask in a nitrogen filled drybox. A portion of this solution 
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was injected into a capillary which was then sealed and inserted into an NMR tube 
containing the same DMSO-d6/CH2CI2 mixture. The difference in chemical shift 
(spectra run at 298 K) for the CH202 signals was used to calculate the molar 
susceptibility according to: 
Xm = (3. Af)/(1000. f. c) 
Xm == molar susceptibility (m 3/ Mol) 
f= frequency of spectrometer (Hz) 
Af = difference in chemical shift (Hz) 
c= concentration of sample (mol/1) 
The magnetic moment of a paramagnetic atom in a complex was calculated from: 
ýteff '--- 
ý(31B/NAItO. (ýtB )2 T. Xm) 
ýt, ff = magnetic moment (BM) kB= Boltzmann constant 
NA= Avogadro's number ýto = vacuum permeability 
ýLB= Bohr magneton T= temperature (K) 
IR spectra were obtained on a Perkin-Elmer 1760X FT-IR spectrometer using NaCl or 
KBr discs. Relative intensities of the bands are described as broad (br), weak (w), 
medium (m) or strong (s). 
Mass spectra were run on either a VG Autospec or a VG Platform 11 spectrometer by 
Dr. J. Barton or G. Tucker at Imperial College London. 
Elemental analysis were performed by Stephen Boyer at the London 
Metropolitan 
University. 
Crystallographic data were collected by Dr. Andrew White at Imperial College, London 
or by Dr. Mark R. J. Elsegood at Loughborough University, Leicestershire. 
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Polyethylene samples soluble in hot 1,2,4-trichlorobenzene were analysed on a Polymer 
Laboratories GPC-220 machine at 160 'C using a PLgel HTS-B column (run time =6 
min) versus polystyrene standards by Philippe Jehoulet and Aurelie Peters at Ineos, 
Belgium. 
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5.2 Experimental Details for Benzimidazolyl Proligands 
5.2.1 Compound Listing 
Compound Compound Structure 
No. 
H 
Me 
I "-"ýN"' 
Ll I 
6N 
Me 
H 
Et 
I 
"""ýN"" 
L2 II 
6N 
tt 
H 
N ýPr 
L3 i 
6N 
'Pr 
H 
N 
L4 Ir 
N 
H 
N 
L5 I 
6: 
rN 
H Me 
L6 I 
N 
L7 
Compound 
No. 
L8 
L9 
Compound Structure 
H 
S, 
Nir 
LIO 
H 
H Me 
H L16 I N 
L17 
'IN 
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5.2.1.1 General Procedure A6 
erimental Details 
To a solution of the corresponding amine in a 6: 1 mixture of ether and ethanol (10-20 
ml) was added 2-chloromethylbenzimidazole in small portions, keeping the temperature 
below 15 T. After the reaction had subsided the mixture was heated under reflux for 3 
hours. After standing overnight at room temperature, ether was added (100-200 ml), the 
mixture chilled, and the precipitate of ammonium chloride removed. The filtrate was 
washed with water, dried with sodium sulphate and then evaporated. The product was 
recrystallised from methanol and dried under vacuum at 60 'C. 
5.2.1.2 General Procedure B 
7,8 
To a solution of the corresponding acid in 4M HCI (aq. ) (100-200 ml) was added o- 
phenylenediamine. The mixture was heated under reflux for 18 h. The pH of the 
resultant green solution was neutralised with 4M NH40H. The resulting white 
precipitate was collected, recrystallised three times from methanol/water and then 
washed with water. The resulting solid was dried under vacuum at 60 T for 15 h. 
5.2.1.3 General Procedure C7,8 
To a mixture of the corresponding acid and o-phenylenediamine was added a minimum 
of ethylene glycol (10-20 ml). The mixture was heated to 180-190 T for 4 h. The water 
by-product was distilled out of the reaction mixture. The resulting purple solution was 
cooled to room temperature and triturated with water (300-500 ml) to give a precipitate. 
The solid was recrystallised three times from methanol/water, washed with water and 
dried under vacuum at 60 'C for 15 h. The product was farther dried 
by refluxing in 
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toluene under Dean-Stark conditions. After removal of the solvent, the resulting solid 
was transferred to a drybox. 
5.2.1.4 2-(Dimethylaminomethyl)-lH-benzimidazole Ll 
Following the general procedure A, reaction of dimethylamine 
H 
N, 
ý 
Me 
(2-42 g, 53.70 mmol) and 2-chloromethylbenzimidazole (4.47 
g, 26.80 mmol) gave LI as a yellow solid. 
6N 
Me 
Yield 1.80 g (38.1 %). 
'H NMR (500 MHz, DMSO-d6,298 K): 6 12.32 (1H, bs, NR), 7.48-7.45 (2H, bm, 
ArH), 7.13-7.10 (2H, m, ArH), 3.64 (2H, s, NCH2), 2.22 (6H, s, N(CH3)2)- 
13C, 1H) NMR (126 MHz, DMSO-d6,298 K): 6 152.3 (CAq), 142.9 (CAq), 134.7 
(CA, q), 121.3 (CAH), 118.3 (CAH), 111.4 (CArH), 57.0 (NCH2), 45.2 
(N(CH3)2)- 
MS (Cl, NHO MIZ = 176 [M+H]'-. 
CjoHl3N3 (176.23): C 68-54, H 7.48, N 23.98; found C 68.59, H 7.52, N 24.01. 
IR (KBr; cm-'): 2940 (s), 1621 (w), 1589 (w), 1540 (w), 1456 (s), 1273 (s), 746 (s). 
5.2.1.5 2-(Diethylaminomethyl)-IH-benzimidazole L2 
Following the general procedure A, reaction of diethylamine H 
Et 
(12.50 ml, 120.32 mmol) and 2-chloromethylbenzimidazole 
NM 
(10.00 g, 60.02 mmol) gave L2 as a yellow solid. 
6 
Yield 7.80 g (63.7 %). 
'H NMR (500 MHz, CDC13,298 K): 8 9.88 (IH, bs, NH), 7.75-7.72 (IH, bm, ArH), 
7.45-7.43 (IH, bm, ArH), 7.28-7.18 (2H, m, ArH), 3.90 (2H, s, NCH2), 2.6 5 (4H, q, 
3 JHH= 7.1 Hz, N(CH2CH3)2), 1.09 (6H, t, 
3 JHH= 7.1 Hz, N(CH2CH3)2). 
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13CI 1H) NMR (126 MHz, CDC13,298 K): 8 154.3 (CAq), 143.6 (CAq), 133.3 (CAq) 
12 2.5 (CAH), 121.9 (CAH), 119.2 (CAH), 110.6 (CAH), 52.0 (NC112), 45.9 
(N(CH2CH3)2), 12.0 (N(CH2CH3)2) . 
MS (Cl, NH3) M/Z = 204 [M+H]+. 
C12H17N3 (203.28): C 70.90ý H 8.43ý N 20.67; found C 70.99, H 8.37, N 20.60. 
IR (KBr; cm-'): 2966 (s), 1618 (w), 1560 (w), 1522 (w), 1420 (s), 1274 (s), 753 (s). 
5.2.1.6 2-(Diisopropylaminom ethyl)- 1 H-benzimid azole U 
Following the general procedure A, reaction of 
H 
diisopropylarnine (17.10 ml, 120.27 mmol) and 2- 
N ýPr 
I 
N 'Pr 
chloromethylbenzimidazole (10.00 g, 60.02 mmol) gave U as 
6 
a yellow solid. 
Yield 10.00 g (72.0 %). 
'H NMR (500 MHz, DMSO-d6,298 K): 6 11.76 (IH, bs, NH), 7.46-7.44 (2H, m, ArH), 
7.09-7.07 (2H, m, ArR), 3.80 (2H, s, NCH2), 3.00 (2H, sept, 3 JHH =: 6.6 Hz, 
N(CH(CH3)2), 1.00 (6H, t, 3 JHH = 6.6 Hz, N(CH(CH3)2)- 
13C { 'HI NMR (126 MHz, DMSO-d6,298 K): 6 156.3 (CAq), 143.5 (CAq), 134.3 
(CA, q), 121.2 (CA, H), 12 0.6 (CArH), 118.8 (CArH), 111.2 (CArH)ý 48.8 (N(CH(CH3)2), 
43.6 (NCH2), 20.4 (N(CH2(CH3)2)- 
MS (Cl, NH3) MIZ = 232 [M+H]+. 
C 14H21N3 (231.34): C 72.695 H 9.15, N 18.16; found C 72.75, H 9.17, N 18.21. 
IR (KBr; cm-'): 2969 (s), 1619 (w), 1590 (w), 1527 (w), 1421 (s), 1272 (s), 742 (s). 
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5.2.1.7 2-(Methoxymethyl)-IH-benzimidazole L4 
Following the general procedure B, reaction of methoxyacetic 
H 
acid (10.00 g, I 11.0 1 mmol) and o-phenylenediamine (12.00 
W,, 
N 
g, 110.96 mmol) gave L4 as a white solid. 
Yield 8.00 g (44.3 %). 
1H NMR (500 MHz, DMSO-d6,298 K): 6 12.51 (IH, bs, NR), 7.51-7.49 (2H, bm, 
A- LIX th)ý 7.16-7.13 (2H, m, ArH), 4.62 (2H, s, OCH2), 3.34 (3H, s, OCH3). 
13CI 'HI NMR (126 MHz, DMSO-d6,298 K): 6 151.4 (CAq), 142.0 (CAq), 136.0 
(CA, q), 121.7 (CAH), 115.2 (CAH), 67.65 (OCH2), 58.1 (OCH3). 
MS (Cl, NH3) M/Z = 163 [M+H]+. 
CgHION20(l 62.19): C 66.65ý H 6.21 ýN 17.27; found C 66.57, H 6.25, N 17.34. 
IR (KBr; cm-'): 3000 (s), 1619 (w), 1588 (w), 1540 (w), 1434 (s), 1272 (s), 747 (s). 
5.2.1.8 2-(Methylthiomethyl)-IH-benzimidazole L5 
Following the general procedure B, reaction of 
methylthioacetic acid (5.48 g, 51.60 mmol) and o- 
phenylenediamine (5.58 g, 51.60 mmol) gave L5 as a white 
solid. 
Yield 4.00 g (43.3 %). 
H 
IH NMR (500 MHz, DMSO-d6,298 K): 6 12.32 (IH, bs, NH), 7.48-7.46 (2H, bm, 
ArH), 7.14-7.10 (2H, m, ArH), 3.85 (2H, s, SCH2), 2.09 (3H, s, SCH3). 
13C flHj NMR (126 MHz, DMSO-d6,298 K): 6 151.9 (CAq), 142.0 (CAq), 13 5.0 
(CA, q), 121.5 (CAH), 117.9 (CAH), 111.4 (CAH), 30.3 (SCHA 15.0 (SCH3)- 
MS (Cl, NH3) MIZ ý 179 [M+H]+. 
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CgHION2S(162.19): C 60.64ý H 5.659 N 15.72; found C 60.56, H 5.74, N 15.74. 
IR (KBr; cm-1): 2917 (s), 1623 (w), 1589 (w), 1531 (w), 1428 (s), 1275 (s), 749 (s). 
5.2-1.9 N, N-Bis(IH-benzimidazolyi-2-methyl)methylamine L6 
Following the general procedure C, reaction of N- 
H Me 
N, 
methyliminodiacetic acid (9.04 g, 61.49 mmol) and o- 
phenylenediamine (13.30 g, 122.99 mmol) gave L6 as a 
6N 
HN 
light pink solid. 
Yield 12.50 g (69.6 %). 
lH NMR (400 MHz, DMSO-d6,298 K): 6 12.33 (2H, bs, NH), 7.52-7.51 (4H, bm, 
ArH), 7.16-7.13 (4H, m, ArH), 3.91 (4H, s, NCH2), 2.27 (3H, s, NCH3). N=C-NH not 
observed. 
13C I 'HI NMR (101 MHz, DMSO-d6,298 K): 8 157.5 (CAq), 126.7 (CAH), 60.0 
(NCH2), 47.3 (NCH3). 
MS (Cl, NH3) m1z = 292 [M+H 
C17H17N5 (291.4): C 70.10, H 5.88, N 24.04 ; f6und C 70.23, H 5.70, N 24.20. 
IR (KBr; cm-1 ): 2884 (s), 1620 (w), 1590 (w), 1525 (w), 1434 (s), 1271 (s), 749 (s). 
5.2.1.10 N, N-Bis(IH-benzimidazolyl-2-methyl)benzylamine L7 
Following the general procedure C, reaction of 
benzyliminodiacetic acid (4.00 g, 10.90 mmol) and o- 
phenylenediamine (2.40 g, 21.80 mmol) gave L7 as a light 
pink solid. 
Yield 3.60 g (89.7 %). 
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'H NMR (400 MHz, DMSO-d6,298 K): 6 12.36 (2H, bs, NH), 7.56.7.54 (4H, bm, 
ArH), 7.47 (1 H, d, 3 JHH= 7.2 Hz, ArHPh), 7.3 3 (2H, t, 3 JHH= 7.2 Hz, ArHPh), 7.24 (2H, 
t, 3 JHH= 7.2 Hz, ArHPh), 7.15-7.14 (4H, bm, ArH), 3.92 (4H, s, NCH2), 3.72 (2H, s, 
NCH2Ph). 
l3q 'HI NMR (101 MHz, DMSO-d6,298 K): 6 152.2 (CAq), 138.3 (CAq), 137.1 
(CA, q), 128.8 (CPhH), 127.2 (CPhH), 121.9 (CPhH), 121.5 (CArH), 114.9 (CAH), 57.2 
(NCH2), 51.0 (2H, s, NCH2ph). 
MS (ES+, TOF) mlz = 368 [M+H]+. 
C24H23N5 (367.5): C 75.20, H 5.72, N 19.07; found C 75.09, H 5.69, N 18.97. 
IR (KBr; cm-'): 2922 (s), 1619 (w), 1591 (w), 1537 (w), 1437 (s), 1270 (s), 736 (s). 
5.2.1.11 N, N-Bis(IH-benzimidazolyl-2-methyl)aniline L8 
Following the general procedure C, reaction of N- 
phenyliminodiacetic acid (7.52 g, 35-93 mmol) and o- H 
phenylenediamine (7.77 g, 71.85 mmol) gave L8 as a pink 
solid. 
Yield 7.53 g (59.3 %). 
1H NMR (400 MHz, DMSO-d6,298 K): 6 13.66 (2H, bs, NR), 7.65-7.63 (4H, m, ArH), 
7.21-7.19 (4H, m, ArH), 7.06-7.04 (2H, m, ArphH), 6.60-6.54 (3H, m, ArphH), 5.12 (4H5 
s, NCH2). N=C-NH not observed by 1H NMR 
13C f 'H} NMR (101 MHz, DMSO-d6,298 K): 6 154.3 (CAq), 146.7 (CAq), 142.9 
(CArq), 134.2 (CArq)ý 129.0 (CPhH), 121.7 (CArH), I 18.6 (CAH), 116.8 (CphH), 111.6 
(2CPhH), 50.8 (NCH2)- 
MS (ES+) mlz =: 354 [M+H]+. 
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C22H19N5 (353.42): C 74.77, H 5.42, N 19.82; found C 74.70, H 5.54ý N 19.90. 
IR (KBr; cm-'): 3000 (s), 1603 (w), 1578 (w), 1540 (w), 1445 (s), 1273 (s), 735 (s). 
5.2.1.12 N, N-Bis(lH-benzimidazolyl-2-methyl)-296-dimethylaniline L9 
Following the general procedure C, reaction of N-2,6- 
dimethylphenyliminodiacetic acid (6.16 g, 25.94 mmol) and 
o-phenylenediamine (5.61 g, 51.87 mmol) gave L9 as a pink 
solid. 
Yield 6.4 g (64.6 %). 
1H NMR (400 MHz, DMSO-d6,298 K): 6 12-99 (2H, bs, NH), 7.60-7.59 (4H, bm, 
ArH), 7.20-7.13 (4H, m, ArH), 6.97-6.91 (3H, m, ArHPh), 4.56 (4H, s, NCH2), 2.12 (6H, 
s, ArCH3). 
13CI 1H) NMR (101 MHz, DMSO-d6,298 K): 6 154.0 (CAq), 147.7 (CAq), 137.1 
(CA, q), 12 8.8 (CPhH), 125.7(CPhH)5 121.5 (CAH), 52.3 (NCH2)5 18.8 (ArCH3). 
MS (Cl, NH3)m/z = 382 [M+H] +. 
C24H23N5 (381.47): C 75.56ý H 6.08ý N 18.36; found C 75.34, H 6.73, N 18.29. 
Satisfactory elemental analysis has not been obtained on this compound. 
IR (KBr, cm-): 2908 (s), 1622 (w), 1590 (w), 1539 (w), 1445 (s), 1273 (s), 739 (s). 
5.2.1.13 Bis(IH-benzimidazolyl-2-methyl)thioether LIO 
Following the general procedure B, reaction of thiodiacetic H 
acid (1.01 g, 4.46 mmol) and o-phenylenediamine (0.96 g, 
STIN"ýS"ý 
8.97 mmol) gave LIO as a white solid. 
Yield 1.00 g (76.0 
-217- 
Chapter 5 Experimental Details 
lH NMR (400 MHz, DMSO-d6,298 K): 8 7.58-7.53 (4H, m, ArH), 7.17-7.13 (4H, m, 
ArH), 4.05 (4H, s, NCH2). 
13C { 1H) NMR (400 MHz, DMSO-d6,298 K): 8 151.7 (CAq), 121.7 (CArH), 114.9 
(CA, H), 28.7 (NCH2)- 
MS (Cl, NH3) m1z = 295 [M+H]+. 
C16H14SN4 (294.38): C 65.28, H 4.79, N 19.03; found C 65.28, H 4.72, N 19.03. 
IR (KBr; cm-): 3060 (s), 1625 (w), 1589 (w), 1535 (s), 1454 (s), 1273 (s), 734 (s). 
5.2.1.14 Bis(lH-benzimidazolyl-2-methyl)ether Lll 
Following the general procedure B, reaction of diglycolic 
H 
N, 
I acid (3.00 g, 22.33 mmol) and o-phenylenediamine (4.83 g, T,, ýO N 
44.66 mmol) gave L11 as a white solid. 
Yield 4.60 g (73.8 %). 
lH NMR (400 MHz, DMSO-d6,298 K): 8 12.56 (2H, bs, NH), 7.54-7.53 (4H, m, ArB), 
7.17-7.16 (4H, m, ArH), 4.85 (4H, s, NCH2). 
13C, 'HI NMR (101 MHz, DMSO-d6,298 K): 8 151.0 (CAq), 134.4(CAq), 121.7 
(CA, H), 118.8 (CAH), 111.4 (CAH), 66.1 (NCH2)- 
MS (Cl, NHO m1z = 279 [M+H]+. 
C16H14ON4 (278.3 1): C 69.05ý H 5.07ý N 20.13; found C 69.15, H 4.98, N 20.16. 
IR (KBr; cm-1): 3052 (s), 1623 (w), 1589 (w), 1545 (w), 1440 (s), 1273 (s), 735 
(s). 
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5.2.1.15 1,3-Bis(IH-benzimidazol-2-yl)-2-methylpropane L16 
Following the general procedure C, reaction of 3- 
H Me 
c 
methylglutaric acid (8.85 g, 61.49 mmol) and o- NTI H 
phenylenediamine (13.30 g, 122.98 mmol) gave L16 as a 
white solid. 
Yield 15.00 g (83.8 %). 
1H NMR (500 MHz, DMSO-d6,298 K): 8 12.27 (3H, bs, NH), 7.53 (2H, dý 3 JHH = 6.0 
Hz, ArH), 7.41 (2H, d, 3 JHH= 6.0 Hz, ArH), 7.10-7.09 (4H, m, ArH), 2.92 (2H, dd , 
3j 
HH 
= 6.0 Hz, 
2 JHH = 14.5 Hz, CHCH(H)), 2.75 (2H, dd ,3 
JHH= 6.0 HZ, 2 JHH = 14.5 Hz, 
CHC(H)H), 2.66 (1 H, m, CHCHA 0.93 (3H, d, 
3 JHH= 7.0 Hz, CHCH3). 
13C{ 'HI NMR (126 MHz, DMSO-d6,298 K): 6 153.8 (CAq), 143.4 (CAq), 137.3 
(CA, q), 121.4 (CAH), 120.8 (CAH), 118.1 (CA, H), 110.8 (CAA, 35.4 (CHCH2), 32.8 
(CHCH2), 19.6 (CHCH3)- 
MS (Cl, NH3)mlz = 291 [M+H]+. 
C18H18N4 (290.36): C 74.465 H 6.255 N 19.30; found C 74.465 H 6.175 N 19.28. 
IR (KBr; cm-1): 3056 (s), 1623 (w), 1590 (w), 1544 (w), 1435 (s), 1272 (s), 738 (s). 
5.2.1.16 N, N, N-Tris(IH-benzimidazolyl-2-methyl)amine L17 
Following the general procedure C, reaction of nitriloacetic 
acid (5.00 g, 26.20 mmol) and o-phenylenediamine (8.50 g, 
H H 
78.60 mmol) gave L17 as a grey solid. 
Yield 7.90 g (73.9 
1H NMR (500 MHz, DMSO-d6,298 K): 6 12.55 (3H, bs, NH), 7.56 (6H, m, ArH), 7.17 
(6H, m, ArH), 4.15 (6H, s, 
NCH2). 
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13C ý 'HI NMR (126 MHz, DMSO-d6,298 K): 8 152.1 (CAq), 138.6 (CAq), 121.6 
(CArH), 114.9 (CArH), 51.46 (NCH2). 
MS (ES+, NH3) M/Z = 408 [M+H]+. 
C24H21N7 (407.47): C 70.74, H 5.19, N 24.06; found C 70.74, H 5.08, N 24.11. 
IR (KBr; cm-'): 3127 (s), 1612 (w), 1594 (w), 1535 (w), 1457 (s), 1292 (s), 747 (s). 
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5.3 Preparation of Benzimidazolyl Titanium Complexes 
5.3.1 Compound Listing 
Compound Compound Structure 'I Compound Compound Structure 
No. No. 
2 
3 
4 
6 
Me 
N 
N'Me 
N "-ý., 
-j-. wLNMe2 
Me2 \ NMe2 
Et 
N 
N'Et 
Ti.. ANMe2 
Me2 
\ 
NMe2 
Pr 
.. &NMe2 
M02 
\ 
NMe2 
.,, aNMG2 
, NMe2 
Me2 
Me2 
Me 
s 
NMe2 
Wý( NMe2 N 
Me 
N 
N 
Me2W NMe2 
10 
11 
12 
N 
13 N 
Me2N' NMe2 
14 
6 
\, 
Ti 
Me2N "*NMe2 
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5.3.2 Synthesis of Benzimidazolyl [NýDITi(NMeD3 COMPIeXeS 
5.3.2.1 General Procedure D 
A solution of benzimidazolyl pro-ligand in toluene (20-40 ml) was added to a solution 
of Ti(NMe2)4 in toluene (20-40 ml) at -78 T. The red mixture was allowed to warm to 
room temperature over 15 h. The solvent was removed under reduced pressure, the solid 
washed with pentane (2 x 20 ml) and resulting solid was dried under vacuum. 
5.3.2.2 12-(Dimethylaminomethyl)-benzimidazolatO-KNI]Ti(NMe2)3 1 
Following the general procedure D, reaction of Ll (0-50 g, 
Me 
2.85 mmol) and Ti(NMe2)4 (0.72 ml, 2.85 mmol) gave I as 
an orange solid. 
Yield 0.70 g (67.4 %). 
e2 
lH NMR (500 MHz, CD2CI2,298 K): 6 7.53-7.51 (IH, m, ArH), 7.22-7.20 (IH, m,, 
ArR), 7.07-7.05 (2H, m, ArR), 4.03 (2H, s, NCH2), 3.23 (18H, s, TiN(CH3)2), 2.34 (6H, 
N(CH3)2)- 
13CI 1H) NMR (126 MHz, CD2CI2,298 K): 8 162.0 (CAq), 146.4 (CArq), 143.6 (CArq), 
121.0 (CArH), 120.7 (CAM), 117.6 (CArH)5 116.0 (CArH), 61.3 (CHA 48.8 (N(M3)2), 
44.3 (TiN(CH3)2)- 
C 16H3ON6Ti (364.32): C 54.24ý H 8.53, N 23.72; found C 54.18, H 8.48, 
N 23.72. 
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5.3.2.3 [2-(Diethylaminomethyl)-benzimidazolato-KNI]Ti(NMe2)3 2 
Following the general procedure D, reaction of L2 (1.02 g, 
Et 
N 
5.01 mmol) and Ti(NMe2)4 (1.34 ml, 5.01 mmol) gave 2 as an N'Et 
orange solid. 
1-. 
oNMe2 Ti 
Me2N NM02 
Yield 1.30 g (67.8 %). 
lH NMR (500 MHz, CDC13,298 K): 8 7.66 (IH, bd ,3 
JHH= 8.0 Hz, ArH), 7.18-7.07 
(3H, m, ArH), 4.12 (2H, s, NCH2), 3.23 (18H, s, N(CH3)3), 2.68 (2H, q, 3 JHH = 7.2 Hz, 
NCH2CHA 1.01 (3H, t5 3 JHH: -- 7.2 Hz, NCH2CH3)- 
13C ý'Hj NMR (126 MHz, CDC13,298 K): 5 162.0 (CAq), 145.6 (CAq), 143.1 (CAq), 
120.9 (CAH), 120.7 (CAH), 117.6 (CAH), 115.5 (CAH), 53.7 (CHA 46.3 (NCH2CH3). 
45.5 (N(CH3)2), 8.4 (NCH2CH3)- 
C18H34N6Ti (382.37): C 56.54, H 8.96, N 21.98; found C 56.49, H 8.85, N 21.91. 
Crystals suitable for X-ray structural determination were grown from a saturated 
pentane/ CH202 solution. 
5.3.2.4 [2-(Diisopropylaminomethyl)-benzimidazolato-KNI]Ti(NMe2)33 
Following the general procedure D, reaction of L3 (1.16 g, 
Pr 
4.95 mmol) and Ti(NMe2)4 (1.32 ml, 4.95 mmol) gave 3 as N"Pr 
an orange solid. -. aNMe2 Ti 
Yield 1.70 g (89.8 
M82N \ NMe2 
IH NMR (500 MHz, CD2CI2,298 K): 6 7.57-7.56 (1H, m, ArH), 7.16-7.14 (IH, m, 
ArH), 7.05-7.03 (2H, m, ArR), 3.80 (2H, s, NCH2), 3.30 (18 H, s, 
N(CH3)2), 3.14 (2H5 
sept, 
3 JHH= 6.5 Hz, NCH(CH3)2), 1.04 (12H, d 
3jHH 
= 6.5 Hz, NCH(CH3)2). 
13Cf 'HI NMR (126 MHz, CD2CI2,298 K): 6 164.4 (CAq), 145.8 (CA, q), 142.3 
(CAco, 
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120.8 (CAq), 120.6 (CArH), 118 -1 (CAM), 114.2 (CAM), 49.7 (CH(CH3)2), 46.9 (CH2), 
44.4 (N(CH3)2), 20.8 (CH(CH3)2). 
C18H34N6Ti (382.37): C 58-53, H 9.33, N 20.48; found C 58.60, H 9.23, N 20.57. 
5.3.2.5 [2-(Methoxymethyl)-benzimidazolato-icNIlTi(NMe2)34 
Following the general procedure D, reaction of L4 (0.64 g, 
3.95 mmol) and Ti(NMe2)4 (1.06 ml, 3.95 mmol) gave 4 as aN0 
.I , sNMG2 yellow solid. M02' 1ý 
Ti 
\ 
Nme2 
Yield 1.00 g (74.2 
lH NMR (500 MHz, CDC13,298 K): 6 7.67 (IH, bd, ArH), 7.17-7.10 (3H, m, ArH), 
5.12 (2H, s, OCH2), 3.62 (3H, s, OCH3), 3.28 (18H, s, N(CH3)2)- 
13CI 'HI NMR (126 MHz, CDC13,298 K): 6 159.6 (CAq), 145.9 (CAq), 142.7 (CAq), 
12 1.1 (CAH), 120.8 (CAH), 117.7 (CAH), 115.6 (CAH), 72.4 (OCH2)5 60.6 (OCH3), 
45.7 (N(CH3)2)- 
C15H27N5OTi (341.17): C 52.7% H 7.97, N 20.52; found C 52.75, H 8.01, N 20.48. 
Crystals suitable for X-ray structural deten-nination were grown from a saturated 
pentane/ CH2CI2 solution. 
5.3.3 Synthesis of Bis(benzimidazolyl) [N, D12Ti(NMe2)2Complexes 
5.3.3.1 General Procedure E 
A solution of the benzimidazolyl pro-ligand in toluene (20-40 ml) was added to solution 
of I equiv. of the corresponding [N, D]Ti(NMe2)3 complex in toluene at -78 OC. The 
mixture was allowed to warm to room temperature over 15 h. The solution was filtered 
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and the solvent removed under reduced pressure. The resulting solid was washed with 
pentane (2 x 20 ml) and dried under vacuum. 
5.3.3.2 General Procedure F 
A solution benzimidazolyl pro-ligand in toluene (20-40 ml) was added to solution of '/2 
equiv. of Ti(NMe2)4 in toluene at -78 T. The mixture was allowed to warm to room 
temperature over 15 h, filtered, and the solvent was removed under reduced pressure. 
The resulting solid was washed with pentane (2 x 20 ml) and dried under vacuum. 
5.3.3.3 Bis[2-(Dimethylaminomethyl)-benzimidazolato-icNIlTi(NMe2)26 
Following the general procedure E, reaction of Ll (0.21 
g, 1.20 mmol) and 1 (0.43 ml, 1.20 mmol) gave 6 as a red 
solid. 
Yield 0.51 g (87.7 %). 
'H NMR (500 MHz, tolu, ene-d8,293 K): 5 7.96 (2H, d, 
JHH = 8.0 Hz, ArH(71g)), 7.14-7.12 (2H, m, ArH), 7.05- 
H(3) H(3ý' 
ýt-: 7'Me(2ýMe(l) 
ef 
N 
Nd9 h 
7 Ti H(c, ) 
(t)lVie2N** 
I 
"H(c) 
6 4( N 
5- Me(a)Me(b) 
M eýa e(ji) 
,2c 
'Ic, 7.03(2H, m, ArH), 6.69-6.67(IH, bm, ArH), 3.39(2H, d JHH=14. OHzNCH(H)( 
,2":: ý 14.0 Hz NC(H)H(c'lc, 2'12)), 2.88 (12H, s, NCH3(a, A y)), 2'12), 3.29 (2H, bd JHH ' 
1.63 (6H, s, NCH3(alb, 112)). 
'H NMR (500 MHz, toluene-d8,223K): 6 8.23 (IH, d, 
3 JHH = 8.0 Hz, ArH(7)), 8.04 
(1H, d, 3 JHH: -,,: 8.0 Hz, ArH(g)), 7.42 (IH, t, 
3 JHH 8.0 Hz, ArH(5)), 7.3 6 (1 H, t' 
3 JHH -:: -- 
8.0 Hz, ArH(6)), 7.26 (1H, d, 3 JHH = 8.0 Hz, ArH(4)), 7.08 (IH, t' 
3 JHH = 8.0 Hz, 
ArH(f)), 6.86 (IH, t' 3 JHH =- 8.0 Hz, ArH(e)), 6.25 (1 H, d, 
3 JHH = 8.0 Hz, ArH(d)), 3.71 
22 (IH, d, JHH =:: 14.0 Hz, NC(H)(c)H(c)), 3.47 (IH, d, JHH: "::::::: 14.0 Hz, NC(H)(3)H(3')), 
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3.37 (IH, d, 2 JHH ý- 14.0 Hz, NCH(c)H(c')), 3.06 (3H, s, NCH3(alfl)), 2.8 5 (1 H, d, 
2 JHH 
14.0 Hz, NC(H)(3 )H(3)), 2.81 (3H, s, NCH3(alp)), 2.56 (6H, br, NCH3(y)), 1.81 (3H, s. 
NCH3(b)), 1.56 (3H, s, N CH3(a)), 1.32 (3H, s, NCH3(2)), 1.22 (3H, s, NCH3(l)). 
13C I 'HI NMR (126 MHz, toluene-d8,223K): 6 160.5 (CAq(i)), 160.2 (CA, q(9)), 147.0 
(CA, qo)), 146.6 (CAq(10)), 143.7 (CAq(h)), 143.6 (CArq(8)), 122.0 (CArH(e)), 121.6 
(CA, H(6)), 121.4 (CArH(5)), 12 1.0 (CAH(f)), 119.8 (CAH(7))ý 118.7 (CAH(g)), 115.5 
(CArH(4)), 114.9 (CArH(d)), 63.5 (NCH(c)), 63.0 (NCH(3)), 53.3 (N(CH3(a/p)), 50.7 
(NCH3(b)), 50.4 (NCH3(a)), 47.9 (NCH3(2)), 47.7 (NCH30)), 47.0 (N(CHAGOA 
C24H36N8Ti (484.46): C 59.50, H 7.49, N 23.13; found C 59.58, H 7.39, N 22.91. 
Crystals suitable for X-ray structural determination were grown from a saturated C6H6 
solution. 
5.3.3.4 Bis[2-(methoxymethyl)-benzimidazolato-KNI]Ti(NMC-2)27 
Following the general procedure F, reaction of U (0.36 g, 
2.2 mmol) and Ti(NMe2)4 (0.33 ml, 1.23 mmol) gave 7 as an 
orange solid. 
Yield 0.42 g (74.0 %). 
We2 
M02 
lH NMR (500 MHz, CD2CI2,293 K): 8 7.73-7.71 (2H, m, ArH), 7.53-7.52 (2H, m, 
ArH), 7.23-7.18 (4H, m, ArH), 5.05 (IH, d, 
2 JHH ": - 13.0 Hz, C(H)HOCHA 5.03 (1 H, d, 
2 JHH:: --: ý 13.0 Hz, CH(H)OCHA 3.57 (12H, s, N(CH3)2), 3.17 (6H, s, 
OCH3). 
13C{ 'HI NMR (126 MHz, toluene-d8,223K): 6 157.0 (CAq), 24 5.9 (CAq), 141.9 
(CA, q), 121.3 (CHA, ), 12 1.1 (CHA, ), 118.3 (CHAr), 115.0 (CHAr), 74.0 (C1120CH3)) 61.4 
(CH20CT13), 48.7 (N(CH3)2)- 
C22H3oN602Ti (458.38): C 57.65, H 6.60, N 18.33; found C 57.60, H 6.56, N 18.18. 
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Crystals suitable for X-ray structural determination were grown slow evaporation of a 
chloroform solution. 
5.3.3.5 Bis[2-(methylthioethermethyl)-benzimidazolato-KNI]Ti(NMe2)2 8 
The reaction was performed on an NMR scale following 
H(2) 
H(2') 
Mem the general procedure F in a drybox; L5 (16.9 mg, 0.1 S/ de 
f N 
mmol) was combined with Ti(NMe2)4 (12 mg, 0.05 9 7N 
6 TI H(W) 
Mevil,, -NO 
ýIv 
S H(b) mmol) in C6D6- 
c iý 
563 W Me(c, ) N Meo) 4 31 J::; - 1H NMR (500 MHz, CD202,293 K): 6 7.70 (2H, d, HH me(, ) me(,, ) 
= 8.0 Hz, ArH(61fl), 7.20 (2H, bt, 3 JHH = 7.0 Hz, ArH), 7.07-7.06 (2H, bm, ArH), 6.69- 
6.68 (2H, bm, ArH), 4.05-4.03 (2H, bm, NC(H)H(212', blb)), 3.62 (12H+2H, s+ bm, 
NCH3(a, fl, y, o))+NCH (H)(212'yb1b)), 2.07 (6H, s, S(CH3(l, a)). 
lH NMR (500 MHz, CD2CI2,203 K): 8 7.83 (1 H, d, 
3 JHH = 8.0 Hz, ArH(6)), 7.62 (1 H, 
d, 3 JHH= 8.0 Hz, ArH(O), 7.46-7.36 (3H, m, ArH(3,4,5)), 7.05 (1H, t, 
3 JHH= 8.0 Hz, 
ArH(e)), 6.69 (M) d, 3 JHH = 8.0 Hz, ArH(d)), 5.75 (IH, t, 3 JHH = 8.0 Hz, ArH(c)), 4.59 
(IH, d, 2 JHH :- 16.0 Hz, NC(MH(b/b)), 4.19 (IH, d, 
2 JHH: -:: 16.0 Hz, NCH(H)(blb)), 
, 
fl))ý 3.53 (3H, br, 3.85 (3H, br, N(CH3)CH3(y/(o)), 3.61 (3H, br, N(CH3)CH3(a/ 
NCH3(CH3)(a/fl)), 3.45 (IH, d, 2 JHH = 16.0 Hz, NC(H)H(212)), 3.28 (3H, br, 
JHH ý::: ý 16 Hz, NC(H)H(212)), 2.15 (3H, s, SCH3( )) NCHACH3) (y1co)), 2.7 5 (1 H, d, 
2a 
1.85 (3H, s, SCH3(1)). 
13C f 'HI NMR (126 MHz, CD2CI2,203 K): 8 161.9 (CAq(h)), 160.8 (CAq(8)), 146.7 
(CA, q(i))5 145.4 (CAq(g)), 142.8 (CAq(g)), 142.5 (CAq(7))ý 121.5 (CAH(3/4/5)), 
121.0 
(CA, H(3/4/5)), 120.6 (CAH(d)), 120.1 (CAH(e)), 118,1 (CAH(6)), 117.3 (CAH(fl)5 
115.2 (CArH(3/4/5))ý 113.9 (CAH(c)), 53.44 (N(CH3(y/o))), 51.4 (N(CH3(a/P)), 46.3 
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(N(CH3(-y/(o)), 42.4 (N(CH3(a/p)), 35.6 (NCH(b/b')), 35.0 (NCH(2/2')), 18.2 (SCH3(a)), 
16.7 (SCH3(l))- 
5.3.4 Synthesis of Bis-(benzimidazolyl) [NqDN]Ti(NMe2)2Complexes 
5.3.4.1 General Procedure G 
A solution of benzimidazolyl pro-ligand in toluene was added to a solution of I equiv. 
of Ti(NMe2)4 in toluene at -78 T. The mixture was allowed to warm to room 
temperature over 15 h. The solution was filtered and the solvent removed under reduced 
pressure. The resulting solid was dissolved in CH2CI2, filtered, the solvent removed 
under vacuum and the resulting solid dried under vacuum. 
5.3.4.2 [N, N-Bis((benzimidazol-2-yl-KNI)methyl)methylamine]Ti(NMe2)2 9 
Following the general procedure G, reaction of L6 (1.0 g, 
Me 
NI 3.42 mmol) and Ti(NMe2)4 (0.92 ml, 3.42 mmol) gave 9 `ýzýN 
N ---, N 
as a yellow solid. Me214ýý 
Ti 
'*NMe2 
Yield 1.35 g (92.8 %). 
1H NMR (500 MHz, CD2CI2,298 K): 8 7.61 (2H, bd, ArH), 7.33 (2H, bd, ArH), 7.18 
(4H, m, ArH), 4.39 (2H, d, 
IJHH 15.2 Hz, NCH(H)), 4.20 (2H, d, 
IJHH 
: ý-- 15.2 Hz, 
NC(H)H), 3.49 (6H, s, N(CH3)2), 3.41 (6H, s, N(CH3)2), 2.65 (3H, s, NCH3). 
13C, 1H) NMR (126 MHz, CD2CI2,298 K): 6 161.9 (CH2CAq), 145.9 (CAHCAq), 
142.7 (CA, HCAq), 122.2 (CAH), 121.9 (CAH), t 18.4 (CAqCAH), 115.0 (CA, qCAH), 
60.1 (CH2), 47.7 (CHA 47.0 (N(CH3)2), 43.5 (N(CH3)2). 
C2lH27N7Ti (425.35): C 59.30, H 6.40, N 23.05; found C 59.16, H 6.46, N 22.93. 
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5.3.4.3 [N, N-Bis((benzimidazol-2-yl-iKNI)methyl)benzylamine]Ti(NMe2)2 10 
Following the general procedure G, reaction of L7 (0.35 
g, 0.96 mmol) and Ti(NMC2)4 (0.26 ml, 0.96 mmol) gave 
10 as a yellow solid. N 6N 
N 
Yield 0.37 g (76.9 %). MG2N '*NMe2 
lH NMR (500 MHz, toluene-d8,295 K): 6 8.00-7.98 (2H, m, ArR), 7.26-7.22 (6H, m, 
ArH), 7.01 (5H, bs, ArPhH), 4.00 (2H, d, 2 JHH -"::::: 15.0 Hz, NCH(H)), 3.44 (2H, d, 2 JHH `::: 
15.3 Hz, I H, NCH(H)), 3.3 3 (2H, s, CH2Ph), 2.91 (6H, s, N(CH3)2), 2.92 (6H, s, 
N(CH3)2)- 
13Cf 'HI NMR (126 MHz, toluene-d8,295 K): 6 161.2 (CAq), 146.8 (CAq), 143.3 
(CArq), 132.3 (CAH)ý 122.2 (CArH), 119.7 (CAH), 114.7 (CArH), 58.3 (CH2Ph), 54.0 
(NCH2), 46.4 (N(CH3)2), 42.9 (N('CH3)2). 
C27H3lN7Ti (501.45): C 64.67, H 6.23ý N 19.55; found C 64-73, H 6.19ý N 19.47. 
5.3.4.4 IN, N-Bis((benzimidazol-2-yl-KN1)methyl)aniline]Ti(NMe2)2 11 
Following the general procedure G, reaction of L8 (0-50 g, 
1.42 mmol) and Ti(NMe2)4 (0.38 ml, 1.42 mmol) gave 11 as a 
yellow solid. 
Yield 0.42 g (60.7 %). 
lH NMR (500 MHz, toluene-d8,295K): 6 7.97-7.95 (2H, m, ArH), 7.24-7.19 (6H, m, 
ArR), 6.76-6.74 (2H, m, ArPhH), 6.53-6.50 (2H, m, ArPhH), 6.41-6.38 (1H, m, ArPhH), 
4.51 (2H, d, 2 JHH -::: -- 16.0 Hz, NCH(H)), 4.30 (2H, d, 
2 JHH :- 16.7 Hz, IH, NCH(H) ), 
4.06 (6H, s, N(CH3)2), 2.16 (6H, s, N(CH3)2). 
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13C ý'Hj NMR (126 MHz, toluene-d8,295K): 8 163.3 (CA, q), 151.6 (CAq), 147.1 
(CA, q), 143.2 (CA, q), 128.8 (CphH), 123.7 (CAH), 122.4 (CAH), 122.0 (CAH), 119.5 
(CArH), 119.0 (CphH), 114.5 (CArH)ý 62.2 (NCH2), 46.1 (N(CH3)2), 42.5 (N(M3)2). 
C26H29N7Ti (487.42): C 64.07, H 6.00, N 20.12; found C 63.84, H 5.88, N 19.99. 
Crystals suitable for X-ray structural determination were grown from the diffusion of 
pentane to a CH202solution. 
. 
)2 5.3.4.5 [N, N-Bis((benzimidazol-2-yl-KNI)methyl)-2,6-dimethylaniline]Ti(NMe2 
12 
Following the general procedure G, reaction of L9 (0.25 g, 
0.66 mmol) and Ti(NMe2)4 (0.50 g, 0.66 mmol) gave 12 as a 
yellow solid. 
Yield 0.28 g (82.3 %). 
lH NMR (400 MHz, CD2CI2,293 K): 8 7.68-7.65 (2H, m, ArR), 7.52-7.48 (2H, m, 
ArH), 7.35-7.31 (2H,, m,, ArH), 7.28-7.24 (2H, m, ArH), 7.02 (IH, bd, 
3 JIIH= 7.5 Hz, 
ArPhH), 7.00 (1H, bd, 
3 JHH= 7.0 Hz, ArPhH), 6.95 (1 H, bd, 
3 JHH= 7.0 Hz, ArPhH), 4.95 
(4H, bs, NCH2), 3.53 (12H, bs, N(CH3)2), 2.58 (6H, s, ArCH3). 
1H NMR (400 MHz, CD2CI2,183 K): 6 7.67 (2H, d, 
3 JHH= 8.0 Hz, ArH), 7.48 (2H, d5 
3 JHH= 8 Hz, ArH), 7.35-7.31 (2H, m, ArR), 7.28-7.24 (2H, bd, ArH), 7.23-7.22 (IHý bdý 
3 JHH== 7.5 Hz, ArphH), 7.00 (IH, tý 
3 JHH == 7.5 Hz, ArPhH), 6.5 8 (1 H, bd, 
3 JHH== 7 Hz, 
ArphH ), 5.09 (2H, d5 2 JHH ': 15.0 Hz, NCH(H)), 4.64 (2H, d, 
2 JHli 15.0 Hz, I H, 
NCH(H) ), 3.95 (3H, s, N(CH3)(CH3)2), 3.85 (3H, s, N(CH3)(CH3)2), 3.00 (6H, s, 
N(M)A 2.76 (3H, s, PhCH3), 2.35 (3H, s, PhCH3). 
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13Cf 'HI NMR (101 MHz, CD202,183 K): 8 161.9 (CH2CArq), 147.21(CPhq), 144.1 
(CHArCArq), 141.8 (CHArCAq), 13 3.8 (CPhq), 13 2.9(CPhH), 13 1.3 (CPhH), 12 8.9(CPhH)5 
121.4 (CArH), 121.2 (CAR, 117.5 (CArqCHAr), 114.3 (CArqCHar), 61.8 (CH2)ý 52.0 
(N(CH3)(CH3)), 48.6 (N(CH3)(CH3)), 48.0 (N(CH3)2), 21.4 (ArCHA20.2 (ArCH3). 
C28H33N7Ti (515.48): C 65.24, H 6.45, N 19.02; found C 65.16, H 6.38, N 18.96. 
Crystals suitable for X-ray structural determination were grown from a saturated 
pentane solution. 
5.3.4.6 [Bis((benzimidazol-2-yi-KNI)methyl)thioether]Ti(NMe2)2 13 
Following the general procedure G, reaction of LIO (1.10 g, 
N, S 
3.74 mmol) and Ti(NMe2)4 (1.00 ml, 3.74 mmol) gave 13 asd N Nl--t/ 
Me2N' NMe2 
a yellow solid. 
Yield 1.50 g (93.6 %). 
lH NMR (500 MHz, toluene-d8,295 K): 8 7.88-7.86 (2H, m, ArH), 7.19-7.16 (6H, m, 
ArH), 3.98 (2H, d5 
2 JHH 
--"ý 16.0 Hz, NC(H)H), 3.37 (2H, dý 
2 JHH ýý 16.0 Hz, NCH(H)), 
3.04 (6H, s, N(CH3)2), 2.73 (6H, s, 
N(CH3)2)- 
13C ý 'HI NMR (126 MHz, toluene-d8,295 K): 5 161.6 (CAq), 147.2 (CAq), 143.6 
(CA, q), 122.4 (CAH), 122.1 (CAH), 119.5 (CAH), 114.7 (CArH), 45.9 (N(CH3)2), 42.8 
(N(CH3)2), 36.5 (NCH2)- 
C2oH24N6STi (428.38): C 56.08, H 5.65, N 19.62; found C 55.89, H 5.66, N 19.62. 
-231 - 
Chapter 5 Experimental Details 
5.3.4.7 [Bis((benzimidazol-2-yl-KNI)methyl)oxo]Ti(NMe2)2 14 
Following the general procedure G, reaction of L11 (0.22 g, 
-N 0.79 mmol) and Ti(NMe2)4 (0.21 ml, 0.79 mmol) gave 14 as a: N 
Ti "--' 
N 
M'a2N""' "*NM82 
brown yellow solid. 
Yield 0.24 g (73.7 
lH NMR (500 MHz, THF-d8,295 K): 6 7.55 (2H, d, 3 JHH = 7.5 Hz, ArH), 7.51 (2H, d, 
3 JHH= 7.5 Hz, ArH), 7.15 (2Hý t, 
3 JHfl= 7.5 Hz, ArH), 7.10 (2H, t, 3 JHH= 7.5 Hz, ArH), 
5.29 (2H, s, NCH2), 3.3 4 (12H, s, N(CH3)2) - 
13C ý 'HI NMR (126 MHz, THF-d8,295 K): 6 159.4 (CAq), 147.1 (CAq), 142.9 (CAq), 
121.6 (CArH), 121.3 (CAM), 118.9 (CArH), 115.0 (CArH), 73.1 (NCH2), 49.5 (N(CH3)2). 
C2oH24N6OTi (412.3 1): C58.26, H 5.87, N 20.3 8; found C58.3 8, H 5.76, N 20.26. 
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5.4 Preparation of Benzimidazolyl Derived Vanadium Complexes 
5.4.1 Synthesis of Vanadium(V) Complexes 
5.4.1.1 Compound Listing 
Compound Compound Structure 
No. 
15 
16 
17 
H Me 
N-- I 
IýN 
NN 
0' 11 0 
0 
H 
o ii 0 
Compound 
No. 
18 
19 
Compound Structure 
H 
týx 
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5.4.1.2 General Procedure H 
imental Details 
Equirnolar quantities of the bisbenzimidazolyl pro-ligand and vanadium oxytris(n- 
propoxide) were mixed at -78 T in THE The resulting solution was allowed to warm 
to room temperature and stirred for 4 h. The solution was filtered and concentrated to 
c. a. a fifth of its initial volume. Addition of pentane resulted in precipitation of a yellow 
product, which was isolated by filtration and dried under vacuum. 
5.4.1.3 [N-((IH-benzimidazol-2-YI-KN3)methyl)-N-((benzimidazol-2-yl- 
KN1)methyl)methylamine]VO(O"Pr)2 15 
Following the general procedure H, reaction of L6 (1.00 g, 
H Me 
N 
3.42 mmol) and VO(O'Pr)3 (0.76 ml, 3.42 mmol) gave 15 Trý N N __"ý 
I 
as an orange-yellow solid. 0 vlý-O 0 
Yield 1.40 g (86.1 %). 
lH NMR (500 MHz, CD2CI2,298 K): 5 8.04 (2H, d, ArH). 7.39 (2H, d, ArH), 7.15- 
7.09-7.08 (4H, m, ArH) 5.37-5.32 (2H, m, OCH(H)CH2CHA 4.90-4.85 (2H, m, 
OC(H)HCH2CH3), 3.90 (2H, dý 2 JHH ý 15.7 Hz, NCH(H)), 3.08 (2H, d, 2 JHH`: ý::: 15.7 Hz, 
NCH(H)), 2.85 (3H, s, NCH3), 1.64-1.58 (4H, M, OCH2CH2CHA 1.84 (6H, t, 3 JHH == 7.4 
Hz, OCH2CH2CH3). 
13C f 'HI NMR (126 MHz, CD2CI2,298 K): 5 154.9 (CAq), 140.9 (CAq), 138.8 (CAq), 
122.4 (CArH), 122.1 (CAM), 116.5 (CArH)ý 114.1 (CArH)ý 86.3 (OCH2CH2CH3), 59.3 
(NC'H2), 49.5 (NCHA 26.6 (OCH2CT12CHA 10.8 (OCH2CH2CH3). 
5 1V NMR (500 MHz, CD2CI2,298 K): 6 -547.2. 
C23H3003N5V(475.46): C 58.10, H 6.36, N 14.73; found C 57.96, H 6.17, N 14.62. 
IR (KBr, cm-): 2959 (w), 2919 (m), 2849 (m), 1625 (w), 1608 (w), 1496 (w), 1473 (m), 
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1448 (s), 1421 (m) 1269 (s), 970 (s, V=O), 748 (s). 
Crystals suitable for X-ray structural determination were grown from a saturated 
pentane solution. 
5.4.1.4 [N-((lH-benzimidazol-2-YI-KN3)methyl)-N-((benzimidazol-2-yl- 
KNI)methyl)benzylamine]VO(O"Pr)2 16 
Following the general procedure H, reaction of L7 (0.65 g, 
1.78 mmol) and VO(O'Pr)3 (0.4 ml, 1.78 mmol) gave 16 as a 
H 
N 
yellow solid. 
Yield 0.66 g (67.2 0 11 0 
3 
0 
1H NMR (400 MHz, THF-d8,298 K): 8 7.88 (2H, d, JHH 
8.0 Hz, ArH), 7.15-7.11 (4H, m, ArH), 7.07-7.04 (3H, m, ArH), 6.95 (IH, t, 
3 JHH== 7.5 
Hz, ArH), 6.85 (1 H, t, 
3 JHH= 7.5 Hz, ArR), 5.48 (2H, dt ,3 
JHH= 6.5 Hz, 2 JHH =11.5 Hz, 
32 
ýOC(II)HCH2CH3), 4.97 (2H, dt, 
JHH= 6.5 Hz , 
JHH =11.5, Hz OCH(H)CH2CHA 4.58 
(s, 2H, NCH2Ph), 4.43 (2H, d, 2 JHH =ý 15.5 Hz, NC(H)H), 2.98 (2H, d, 2j HH = 15.5 Hz, 
NCH(H)), 1.75 (4H, m, OCH2CH2CHA 0.95 (6H, t3 JHH= 7.5 Hz, OCH2CH2CH - 3) 
13C f 'HI NMR (126 MHz, THF-d8,298 K): 6 155.8 (CAq), 141.5 (CAq), 139.0 (CA, q), 
135.0 (CAq), 13 0.5 (CAH), 129.1 (CPhH), 12 8.8 (CPhH) 122.5 (CArH), 121.8 (CAH)ý 
116.9 (CAH), 113.9 (CAH), 8 6.3 (OM2CH2CH3), 66.0 (NCT12Ph), 57.0 (NCT12), 27.3 
(OCH2CrH2CH3), 11.1 (OCH2CH2CH3)- 
51 V NMR (500 MHz, THF-d8,298 K): 6 -553.9. 
C29H3403N5V (551.55): C 63.15ý H 6.21ý N 12.70; found C 63.135 H 6.14, N 12.61. 
IR (KBr; cm-1): 3030 (w), 2962 (m), 2919 (m), 2843 (m), 1615 (w), 1607 (w), 1496 (w), 
1471 (m), 1452 (s), 1421 (m) 1270 (s), 974 (s, V=O), 743 (s). 
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Crystals suitable for X-ray structural detennination were grown from a saturated 
pentane solution. 
5.4.1.5 [N-((IH-benzimidazol-2-yl-KN3)methyl)-N-((benzimidazol-2-yl- 
KNI)methyl)"hexylamine]VO(O"Pr)2 17 
Following the general procedure H, reaction of L12 (599 
mg, 1.66 mmol) and VO(O'Pr)3 (0.38 ml, 1.66 mmol) gave 
17 as a yellow solid. 
Yield 0.27 g (29.8 
13 H NMR (400 MHz, THF-d8,298 K): 8 8.00 (2H, d, JHH 
/ 
8.0 Hz, ArH), 7.36 (2H, d, 
3 JHH= 7.0 Hz, ArH), 7.00 (4H, m, ArH), 5.35 (2H, m, 
OC(H)HCH2CH3), 4.85 (2H, m, OCH(H)CH2CHA 4.11 (2H, d, 
2jHl, 
= 16.0 Hz, 
NC(H)H), 3.29 (2H, m, NCH2(CH2)4CH3), 3.19 (2H, d, 
2 JHH ý:: 16.0 Hz, NCH(H)), 1.62 
(4H, m, OCH? CH? CH3), 1.17 (8H, m, NCH2(CH2)4CH3), 0.88 (3H, 
t, 3 JHH=: 6.5 Hz, 
N(CH2)5CH3), 0.86 (6H, t, 3 JHH = 7.5 Hz, OCH2CH2CH3). 
13CI 'HI NMR (101 MHz, THF-d8,298 K): 6 156.3 (CA, q), 141.6 (CAq), 139.6 (CA, q), 
122.5 (CArH), 122.3 (CAM), 117.0 (CArH), 114.5 (CArH), 86.4 (OCH2CH2CH3), 56.8 
(NMA 32.6 (ChexyIH2), 28.0 (ChexyIH2), 27.3 (OCH2CH2CH3), 23.4 (ChexyIH2), 23.4 
(ChexyiHA 14.4 (ChexyiH3)ý 11.1 (OCH2CH2CH3). 
51V NMR (500 MHz, THF-d8,298 K): 6 -556.7. 
C28H4103N5V(546.60): C 61.53, H 7.56, N 12.81; found C 61.65, H 7.56, N 13.00. 
IR (KBr; cm- 1): 3058 (w), 2956 (s), 2926 (s), 1606 (w), 1595 (w), 1553 (w), 1495 
(m), 
1470(s), 1450 (s), 1418 (s) 1266 (s), 969 (s, V=O), 741 (s). 
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5.4.1.6 [N-((lH-benzimidazol-2-YI-KN3)methyl)-N-((benzimidazol-2-yi- 
KNI)methyl)isopropylamine]VO(O"Pr)2 18 
Following the general procedure H, reaction of 
bis(benzimidazolyl-2-methyl)isopropylamine L14 (1.00 g, 
4.56 mmol) and VO(O"Pr)3 (1-03 ml, 4.56 mmol) resulted 
the formation of a green precipitate. The pentane solution 
contained a small fraction of 18, from which crystals 
suitable for X-Ray analysis were grown. 
Yield 0.09 g (4.0 %). 
lH NMR (400 MHz, THF-d8,298 K): 6 7.98 (2H, m, ArH). 7.42-7.40 (2H, m, ArR), 
7.03-7.01 (4H, m, ArH) 5.39-5.38 (2H, m, OC(H)HCH2CH3), 4.85-4.83 (2H, m, 
OCH(H)CH2CHA 4.14 (2H, dý 2 JHH ý 15.0 Hz, NCH(H)), 3.45-3.43 (IH, m, 
NCH(CH3)2), 3.00 (2H, d, 2 JHH =15.0 Hz, NC(H)H), 1.67-1,63 (4H, m, OCH2CH2CHA 
1.03 (6H, d, 3 JHH= 5.5 Hz, CH(CH3)2), 0.88 (6H, t, 3 JHH= 7.5 Hz,, OCH2CH2CH3) . 
13Cf 'HI NMR (400 MHz, THF-d8,298 K): 6 156.6 (CAq), 141.5 (CAq), 139.3 (CAq), 
122ý5 (CArH), 122,3(CArH)5 116.9 (CArH), 114.2 (CArH), 86.85 (OCH2CH2CH3), 58.8 
(NC'H(CH3)2), 53.3 (NCT12), 27.2 (OCH2CH2CH3), 18.0 (CH(CT13)2)5 11.0 
(OCH2CH2M3), 
51V NMR (500 MHz, THF-d8,298 K): 6 -547.6. 
C26H3603N5V (504.52): C 59.52, H 6.99, N 13.88; found C 59.10, H 6.96, N 14.00. 
IR (KBr; cm-): 3026 (w), 2962 (m), 2920 (m), 2842 (m), 1625 (w), 1607 (w), 1557 (w), 
1496 (w), 1471 (m), 1450 (s), 1414 (m) 1271 (s), 969 (s, V=O), 746 (s). 
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5.4.1.7 [N-((lH-benzimidazol-2-yl-KN3)methyl)-N-((benzimidazol-2-yl- 
icNl)methyl)"propylphenylamine]VO(O"Pr)2 19 
Following the general procedure H, reaction of L13 (507 
mg, 1.28 mmol) and VO(O'Pr)3 (0.29 ml, 1.28 mmol) 
resulted in the formation of a green precipitate. The pentane 
solution contained a small fraction of 19, from which 
crystals suitable for X-Ray ana ysis were grown. 
Yield 0.06 mg (8.1 %). 
H 
- 
y- 
ii--o 
1H NMR (400 MHz, CD2CI2,298 K): 6 8.01-7.99 (2H, m, ArR), 7.36-7.34 (2H, m, 
ArR), 7.20-7.28 (5H, m, N(CH2)3C6H5), 7.03-7.01 (4H, m, ArH), 5.30-5.29 (2H. m, 
OC(H)HCH2CH3), 4.82-4.80 (2H, m, OCH(H)CH2CH3), 3.9 5 (2H, d, 
2 JHH ý- 15.5 Hz, 
NC(H)H), 3.28 (2H, bs, NCH2CH2CH2Ph), 3.00 (2H, d, 
2 JHH: -::: 15.5 Hz, NCH(H)), 2.46 
PH, t, 3 JHH = 6.5 Hz, NCH2CH2CH2Ph), 1.58-1.57 (4H, m, OCH2CH2CH3), 1.35-1.33 
(2H, M, NCH2CH2CH2Ph), 0.81 (6H, t, 
2 JHH = 7.5 Hz, OCH2CH2CH3)- 
13C ý 'HI NMR (101 MHz, CD2CI2,298 K): 6 155.4 (CAq)5 141.5 (CPhq), 140.8 (CAq)ý 
138.8 (CAq), 128.6 (Cmeta, PhH), 128.6 
(Cortho, PhH), 126.3 
(Cpara, 
phH), 122.4 (CArH), 
122.3 (CAH), 116.6 (CAH), 113.9 (CAH), 86.1 (OC'H2CH2CH3), 60.7 
(NCH2CH2CH2CHph), 56.3 (NCH2), 33.4 (NCH2CH2CH2CHph), 26.6 (OCH2CH2CHA, 
10.8 (OCH2CH2CH3). 
5 1V NMR (500 MHz, THF-d8,298 K): 6 -559.2 
C26H3603N5V (579.61): C 64.249 H 6.61ý N 12.08; found C 64.08, H 6.61, N 12.17. 
IR (KBr;, cm-1): 3060 (w), 2963 (m), 2920 (m), 2842 (m), 1625 (w), 
1607 (w), 1557 (w), 
1496 (w), 1471 (m), 1450 (s), 1414 (m) 1271 (s), 974 (s, V=O), 746 (s). 
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5.4.2 Synthesis of Vanadium(III) Complexes 
5.4.2.1 Compound Listing 
Compound Compound Structure 
No. 
Compound Compound Structure 
No. 
H Me 
NI 
if 
21 N 
cl I cl 
cl 
22 
23 N 
Cl 
cl 
H 
N0 
24 N 
cl I cl 
cl 
H 
Ns 
25 N 
cl" I Cl 
cl 
26 
27 
H 
HH 
NN 
IN 
-ý'y 
28 NI 
cl I 
cl 
29 
30 
H 
N 
cl I cl 
cl 
H Me H 
N, 
- 
N Crc 
I HYý 
c 
NN 
cI 
cl 
HH 
NN 
cic 
31 (j: 
ýN-v 
cl Cl c1cl 
32 
33 
CH3 CH 
CH3 
N 
jf'*'ý17, 
ýYl 
N 
34 N, ýýj 
v 
cIý 
ýcl 
cI 
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5.4.2.2 General Procedure I 
The bisbenzimidazolyl pro-ligand andVC13(THF)3were mixed at -78 T in THF (20-40 
ml). The resulting solution was allowed to warm to room temperature, gradually heated 
to reflux and stirred for 24 h. The solvent was removed by filtration and the resulting 
solid washed with THF at 60 T and dried under vacuum. 
5.4.2.3 [(N, N-Bis((lH-benzimidazol-2-yi-KN3)methyl)methylamine]VC1321 
Following the general procedure 1, reaction of L6 (2,0 g, 
H Me H 
6.37 mmol) andVC13(THF)3 (2.38 g, 6.37 mmol) gave 21 N 
as a green solid. N 
CI -ý'I 
`-C 
I 
Yield 2.97 g (98 %). C1 
C17Hl7Cl3N5V(476.70): C 45.51, H 3.82, N 15.61; found C 47.43, H 3.97, N 15.61. 
IR (KBr, cm-'): 3244 (s), 1620 (w), 1595 (s), 1539 (s), 1490 (m), 1474 (s), 1454 (s), 
1271 (m), 752 (s). 
ýt, ff (Evans' NMR method) = 2.8 BM. 
5.4.2.4 [(N, N-Bis((lH-benzimidazol-2-YI-KN3)methyl)aniline]VC13 22 
Following the general procedure 1, reaction of L8 (0.60 g, 
1.70 mmol) andVC13(THF)3 (0.64 g, 1.70 mmol) gave 22 as 
a yellow solid. 
Yield 0.61 g (70.5 %). 
C22Hl9Cl3N5V(509. ol): C 51.74, H 3.75, N 13.71; found C 51-60, H 3.70, N 13.75. 
IR (KBr; cm- 1 ): 3196 (s), 1622 (w), 1595 (m), 1540 (w), 1497 (s), 1473 
(s), 1454 (s), 
1272 (m), 745 
g, ff (Evans' NMR method) = 2.8 BM. 
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5.4.2.5 [(N, N-Bis((lH-benzimidazol-2-yi-KN3)methyl)-2,6- 
dimethylaniline]VC13(THF) 23 
Following the general procedure 1, reaction of L6 (1.1 g, 2.62 
mmol) andVC13(THF)3 (0.99 g, 2.62 mmol) gave a yellow 
solution in refluxing THF. When left to cool to room 
temperature, yellow crystals of 23 were formed. These were 
isolated by filtration, washed with cold (0 'C) THF, and dried at 65 T under vacuum. 
Yield 0.66 g (41.2 %). 
C29H34Cl3N5VO (610.88): C 55.05, H 5.11, N 11.46; found C 54.87, H 5.27, N 11.28 
IR (KBr; cm-): 3253 (s), 2973 (s), 1622 (w), 1448 (s), 1272 (w), 745 (s). 
ýt, ff (Evans' NMR method) = 2.8 BM. 
5.4.2.6 [(N, N-Bis((lH-benzimidazol-2-YI-KN3)methyl)oxo]VC13 24 
Following the general procedure 1, reaction of L11 (0.30 g, 
HH 
1.08 mmol) andVC13(THF)3 (0.40 g, 1.08 mmol) gave 24 as 
0 
N 
C1 I C1 
a pink solid. C1 
Yield 0.32 g (68.0 %). 
C16H]4Cl3N40V (435.61): C 44.12, H 3.24, N 12.86; found C 44.32, H 2.92, N 12.83. 
IR (KBr; cm-1): 3243 (s), 3098 (s), 1612 (w), 1593 (w), 1487 (s), 1475 (m), 1455 (s), 
1446 (s), 1276 (m), 744 
ýt, ff (Evans' NMR method) = 2.9 BM. 
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5.4.2.7 I(N, N-Bis((IH-benzimidazol-2-yl-KN3)methyl)thioether]VC13 25 
Following the general procedure 1, reaction of LI1 (0.13 g, 
H 
N-ýýS, ý-ýN 0.46 mmol) andVC13. THF (0.17 g, 0.46 mmol) gave 25 as a 
pale orange solid. cI cI 
Yield 0.18 g (86.9 %). 
C16Hl3Cl2N4SV (450.67): C 42.64, H 2.91, N 12.43; found C 42.85, H 3.00, N 12.46. 
IR (KBr; cm-'): 3186 (s), 2962 (s), 2904 (s) 1620 (w), 1594 (w), 1559 (w), 1484 (s), 
1464 (m), 1451 (s), 1275 (m), 745 (s). 
[t, ff (Evans' NMR method) = 2.7 BM. 
5.4.2.8 [(N, N-Bis((lH-benzimidazol-2-yl-KN3)methyl)"hexylamine]VC1326 
Following the general procedure 1, reaction of L12 (0.50 g, 
1.38 mmol) andVC13(THF)3 (0.52 g, 1.38 mmol) gave 26 as 
a green solid. 
Yield 0.5 8g (8 1.0 %). 
C22H27Cl3N5V(518.78): C 50.93, H 5.25, N 13.50; found C 51.05, H 5.12, N 13.39. 
IR (KBr; cm-'): 3236 (s), 2921 (m), 1618 (w), 1593 (w), 1489 (s), 1429 (m), 1269 (m), 
752(s). 
ýt, ff (Evans' NMR method) = 2.9 BM. 
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5.4.2.9 [(N, N-Bis((IH-benzimidazol-2-yl-KN3)methyl)"propylphenylamine]VC13 
27 
Following the general procedure 1, reaction of L13 (0.40 g, 
1.01 mmol) andVC13(THF)3 (0.38 g, 1.01 mmol) gave 27 as 
a green solid. 
Yield 0.42 g (75.2 %). 
C25H25Cl3N5V(552.80): C 54.32ý H 4.56ý N 12.67; found C 54.24, H 4.53, N 12.48. 
IR (KBr; cm-'): 3253(s), 1621 (w), 1594(s), 1540(s), 1494(s), 1474(s), 1453 (s), 1428 
(s), 1269(m), 750(s). 
ýt, ff (Evans' NMR method) = 2.7 BM. 
5.4.2.10 [(N, N-Bis((IH-benzimidazol-2-yl-iKN3)methyl)isopropylamine]VC13 28 
Following the general procedure 1, reaction of L14 (0.40 g, 
1.25 mmol) and VC13(THF)3 (0.46 g, 1.25 mmol) gave 28 as 
a yellow solid. 
Yield 0.51 g (85.6 %). 
Cl9H2lCl3N5V (476.70): C 47.87, H 4.44, N 14.69; found C 47.72, H 4.46, N 14.59. 
IR (KBr; cm-1): 3249 (s), 1620 (w), 1595 (s), 1541 (s), 1474 (s), 1454 
(s), 1432 (s), 
1270 (m), 751 (s). 
ýt, ff (Evans' NMR method) = 2.7 BM. 
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5.4.2.11 [(N, N-Bis((IH-benzimidazol-2-yl-KN3)methyl)cyclohexylamine]VC13 29 
Following the general procedure 1, reaction of L15 (0.50 gý 
1.34 mmol) andVC13(THF)3 (0.50 g, 1.34 mmol) gave 29 as 
a green solid. 
Yield 0.60 g (86.6 
C22H25Cl3N5V(516.77): C 51.13, H 4.8 8, N 13.5 5; found C51.00, H 4.79, N 13.3 8. 
IR (KBr; cm-'): 3230 (s), 2931 (s), 1621 (w), 1595 (m), 1540 (w), 1492 (s), 1474 (s), 
1454 (s), 1435 (m), 1269 (m), 750 
ýt, ff (Evans' NMR method) = 2.70 BM. 
5.4.2.12 [1,3-Bis(IH-benzimidazol-2-yl-icN3)-2-methylpropane]VC13(THF) 30 
Following the general procedure 1, reaction of L16 (0.28 g, 
H Me 
N-_ 
H 
N 
0.98 mmol) and VC13(THF)3 (0.37 g, 0.98 mmol) gave 30 as 
,'N N 
a yellow solid. 
6CI 
\'O C1 
0 
Yield 0.37 g (75.8 %). 
C23H29Cl2N40V(498.12): C 50.84, H 5.04, N 10.78; found C 50.77, H 4.96, N 10.60. 
IR (KBr; cm-'): 3232 (s), 2967 (s), 1624 (w), 1534 (m), 1441 (s), 1457 (s), 1272 (m), 
746(s). 
ýt, ff (Evans' NMR method) = 2.7 BM. 
5.4.2.13 [2,6-Bis(IH-benzimidazol-2-yl-icN3)pyridine]VC13 31 
Following the general procedure 1, reaction of L18 (0.50 g, 
0.16 mmol) andVC13(THF)3 (0.60 g, 0.16 mmol) gave 31 as 
HH 
NNN 
c c Icl 
N --Vc 
cir CICI 
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a orange solid. 
Yield 0.519 (62.3 
C2lHl8Cl3N6V(511.7 1): C 48.69, H 2.80, N 14.94; found C 48.5 1, H 2.84, N 15.12. 
IR (KBr; cm-'): 3051 (s), 2916 (s), 1606 (w), 1591 (w), 1574 (w) 1495 (w), 1466 (s), 
1371 (w), 1321 (w), 753 (s). 
g, ff (Evans" NMR method) = 2.8 BM. 
5.4.2.14 [(N, N, N-Tris((lH-benzimidazol-2-yl-KN3)methyl)amine]VC13 32 
Following the general procedure 1, reaction of L17 (0.28 
0.69 mmol) andVC13(THF)3 (0.26 g, 0.69 mmol) gave 32 as 
a green solid. 
Yield 0.35 g (90.0 
C24H2OCl3N7V(563.76): C 51.13, H 3.58, N 17.39; found C 50.93, H 3.84, N 17.25. 
IR (KBr; cm-'): 2819 (s), 1621 (w), 1515 (w), 1454 (s), 1219 (m), 749 (s). 
ýt, ff (Evans' NMR method) = 2.7 BM. 
Crystals suitable for X-ray structural determination were grown from a DMF solution 
exposed to air at room temperature. 
5.4.2.15 [Tris(IH-benzimidazole-KN3)]VC1333 
Following the general procedure 1, reaction of benzimidazole 
HN 
(0.14 g, 1.20 mmol) and VC13(THF)3 (0.15 g, 0.40 mmol) HH NN 
gave 33 as a green solid. 
O-N 
I C1 
C1 
Yield 0.18 g (87.9 
C2lHl8Cl3N6V (511.71): C 49.29, H 3.55, N 16.42; found C 49.32, H 3.57, N 16.33. 
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IR (KBr; cm-1): 3199 (s), 2980 (s), 1621 (w), 1593 (w), 1499 (w), 1488 (s), 1418 (s), 
1300 (s), 1248 (s), 745 (s). 
ýi,, ff (Evans' NMR method) = 2.7 BM. 
5.4.2.16 [(N, N-Bis(I-methyl-benzimidazolyl-2-yl-KN3)methyl)amine]VC1334 
Following the general procedure 1, reaction of L19 (0.60 g, 
CH3 CH3 
I CH I 
NIN 
N 1.88 mmol) and VC13(THF)3 (0.70 g, 1.88 mmol) gave 34 as 
71ýlv 
- N 
a grey solid. C1 F: 
ýCýI 
C1 
Yield 0.58 g (64.7 %). 
C18H2lCl3N5V (476.70): C 47.87, H 4.44, N 14.69; found C 47.60, H 4.30, N 14.32. 
IR (KBr; cm-'): 3025 (s), 2943 (s), 1612 (w), 1594 (w), 1535 (w), 1535 (s), 1500 (m)ý 
1457 (s), 1420 (m), 1358 (s), 1327 (s), 1292 (m), 747 (s). 
[t, ff (Evans' NMR method) = 2.7 BM. 
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5.5 Polymerisation Procedures for the Titanium Complexes. 
5.5.1 Synthesis of DMAO 
A commercial solution of MAO (1.6 M in toluene) was introduced to a Schlenk 
containing a large magnetic stirrer, and the solvent removed under vacuum and the 
residue dried under vacuum at 130 T. The residue was triturated with heptane for Ih 
and the solvent removed by filtration. This process was repeated three times giving 
DMAO as a white powder that was further dried under vacuum at 130 T (FW taken as 
58.02 g/mol [CH3AIO]). NOTE: i) Care must be taken when quenching the washing 
solutions ii) TMA is condensed in any cooled pre-pump trap; care must be taken 
when warming and quenching this mixture. 
5.5.2 Ethylene Polymerisation 
A known quantity of pre-catalyst (5-10 mg) was transferred to a Schlenk flask in a 
glove-box. Toluene was added (100 ml), followed by a known amount of aluminium 
alkyl (TMA, TIBAL) and the mixture stirred at room temperature for 15 min. The co- 
catalyst (MAO, DMAO) was added and the vessel placed in a water bath at the desired 
temperature and the Schlenk was flushed with 0.5 bar of ethylene (1.5 bar overall 
pressure). Polymerisations were terminated by venting the overpressure, and addition of 
10 ml 2M HCI(aq). The polyethylene was precipitated from the reaction mixture by 
addition of MeOH (200 ml). After filtration, the polymer was washed with a 
large 
quantity of MeOH and dried under vacuum at 60 'C for 12 h. 
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5.6 Polymerisation Procedures: Details for the Vanadium Complexes. 
5.6.1 (Pre)Catalyst Solutions 
A known quantity of pre-catalyst (1-10 mg) was transferred to a measuring cylindrical 
Schlenk in a glove-box. Toluene was added to create a solution of known concentration. 
For polymerisations which require the pre-catalyst to be pre-treated with aluminium 
alkyls, 0.5 mmol of aluminium compound (typically DMAC) was added and the 
mixture stirred for 2-5 min. 
5.6.2 Reactivators 
Ethyl trichloroacetate was distilled twice under nitrogen and stored over 4A molecular 
sieves. Other reactivators were used as received from commercial sources. Stock 
solutions of each reactivator were made in dry toluene. The reactivator solution was 
introduced to the polymerisation vessel after the co-catalyst (typically DMAC) and 
before the catalyst. 
5.6.3 Ethylene Polymerisations 
5.6.3.1 Fischer-Porter Tests 
A Fischer-Porter vessel was dried at 50 'C for 12 h. The Fischer-Porter head, equipped 
with an injection port (fitted with a rubber septum), pressure gauge and mechanical 
stirrer was flame dried for 5 min and fitted to the glass vessel. The reactor was then 
purged with nitrogen for 45 min. The reactor was charged with solvent, purged with 1 
bar of ethylene overpressure for 5 min (to give 2 bar total ethylene pressure), and placed 
in a water bath at the required temperature, allowing 20 min for the temperature to 
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equilibrate. All the additional components were added via syringe. Scavenger 
(aluminium alkyl) was introduced at least 20 min before catalyst injection, followed by 
reactivator and finally the (pre)catalyst solution. The ethylene pressure was then 
ad usted and maintained during the polymerisation. The reaction mixture was rapidly j 
stirred-throughout. 
Polymerisations were terminated by venting of the overpressure followed by addition of 
5 ml 2M HCI(aq). The polyethylene was precipitated from the reaction mixture by 
addition of MeOH (400 ml). After filtration the polymer was washed with a large 
quantity of MeOH and dried under vacuum at 60 'C for 12 h. 
5.6.3.2 Autoclave Tests 
AI litre stainless steel autoclave was heated to 85 'C under vacuum for 15 h, and then 
cooled to the desired temperature under a nitrogen flow. Solvent (500 ml toluene) and 
DMAC was introduced 30-45 min before catalyst injection. The reactor was pressurised 
with ethylene after which the catalyst was in ected under nitrogen pressure. Ethylene i 
pressure was maintained by a flow-controller. The reaction mixture was rapidly stirred 
throughout. Polymerisations was terminated by venting of the volatiles NOTE: No acid 
or MeOH can be used to terminate the reaction. Polymer products were isolated 
using the procedures described for the Fischer-Porter tests. 
5.6.4 Co-polymerisations 
The Fischer-Porter reactor was prepared in the same manner as for the ethylene tests, 
with the exception of co-monomer injection (via syringe) prior to scavenger 
in the case 
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of 1-hexene and norbornene. For ethylene- 1,3-butadiene co-polymerisations ethylene 
was replaced by a known gas mixture of ethylene/ 1,3 -butadiene at constant pressure. 
NOTE: Venting of the vessel for ethylene- 1,3-butadiene tests must be carried out 
in a very well ventilated area. Polymerisations were terminated and the potymer 
isolated using the methodologies outlined for Fischer-Porter ethylene homo- 
polymerisations. 
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A. 1 Appendix I- Crystal Structure Data 
A. 1.1 Crystal data and structure refinement for 2. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient g 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
0 range for data collection 
Index ranges 
Completeness to 0= 26.00' 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2 >2cy 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F 2 >2cy] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole 
2 
C2lH37N6Ti 
421.47 
150(2) K 
MoKcc,, 0.71073 A 
monoclinic, P21/n 
a= 11.4299(5) A 
b= 17.0822(7) A 
c= 11.8329(5) A 
2289.84(17) A3 
4 
1.223 g/CM3 
0.392 mm-' 
908 
90, 
97.640(2)' 
7 900 
orange, 0.50 x 0.48 x 0.16 mm 3 
5047 (0 range 2.15 to 30.46') 
Bruker APEX 2 CCD diffractometer 
(o rotation with narrow frames 
2.11 to 30.54' 
h -16 to 16, k -24 to 24,1 -16 to 16 
100.0% 
0% 
26454 
6963 (Ri,, t = 0.0239) 
5848 
semi-empirical from equivalents 
0.828 and 0.940 
Patterson synthesis 
Full-matrix least-squares on F2 
0.0463ý 0.6744 
6963/0/261 
RI = 0.0336, wR2 = 0.0873 
RI = 0.0433, wR2 = 0.0933 
1.031 
0.002 and 0.000 
0.411 and -0.317 e 
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C(5) 
C(4) 
C(18) 
Table 2- Bond lengths [A] and angles [0] for 2 
0) 
C(12) 
Ti(l)-N(5) 1.8908(10) Ti(l)-N(4) 1.9032(10) 
Ti(l)-N(6) 1.9348(11) Ti(l)-N(l) 2.0677(9) 
Ti(l)-N(3) 2.4995(10) N(l)-C(7) 1.3763(15) 
N(l)-C(l) 1.3956(14) C(l)-C(2) 1.3948(16) 
C(l)-C(6) 1.4127(16) C(2)-C(3) 1.3921(16) 
C(3)-C(4) 1.4003(18) C(4)-C(5) 1.3833(19) 
C(5)-C(6) 1.3969(16) C(6)-N(2) 1.3895(15) 
N(2)-C(7) 1.3185(14) C(7)-C(8) 1.4939(16) 
C(8)-N(3) 1.4831(15) N(3)-C(I 1) 1.4879(14) 
N(3)-C(9) 1.4903(15) C(9)-C(l 0) 1.5328(17) 
C(I I)-C(I 2) 1.5208(19) N(4)-C(I 4) 1.4388(17) 
N(4)-C(I 3) 1.4448(18) N(5)-C(I 5) 1.4495(15) 
N(5)-C(I 6) 1.4616(15) N(6)-C(I 8) 1.4528(18) 
N(6)-C(I 7) 1.4582(18) C(I 9)-C(20) 1.367(3) 
C(I 9)-C(2 P) 1.372(3) C(20)-C(2 1) 1.343(3) 
C(2 I)-C(I 9') 1.372(3) 
N(5)-Ti(l)-N(4) 121.66(4) N(5)-Ti(l)-N(6) 96.03(5) 
N(4)-Ti(l)-N(6) 98.05(5) N(5)-Ti(l)-N(l) 119.22(4) 
N(4)-Ti(l)-N(l) 115.20(4) N(6)-Ti(l)-N(l) 95.72(4) 
N(5)-Ti(l)-N(3) 90.50(4) N(4)-Ti(l)-N(3) 86.60(4) 
N(6)-Ti(l)-N(3) 168.36(4) N(l)-Ti(l)-N(3) 72.66(3) 
C(7)-N(l)-C(l) 102.98(9) C(7)-N(l)-Ti(l) 120.69(7) 
C(l)-N(l)-Ti(l) 135.84(8) C(2)-C(l)-N(l) 131.35(10) 
C(2)-C(l)-C(6) 121.42(10) N(l)-C(l)-C(6) 107.16(10) 
C(3)-C(2)-C(l) 117.37(11) C(2)-C(3)-C(4) 121.26(12) 
C(5)-C(4)-C(3) 121.59(11) C(4)-C(5)-C(6) 117.93(11) 
N(2)-C(6)-C(5) 129.62(11) N(2)-C(6)-C(l) 109.85(10) 
C(5)-C(6)-C(l) 120.43(11) C(7)-N(2)-C(6) 103.13(10) 
N(2)-C(7)-N(l) 116.88(10) N(2)-C(7)-C(8) 125.17(11) 
N(l)-C(7)-C(8) 117.91(10) N(3)-C(8)-C(7) 107.96(9) 
C(8)-N(3)-C(I 1) 108.69(9) C(8)-N(3)-C(9) 109.65(9) 
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C(I I)-N(3)-C(9) 
C(I I)-N(3)-Ti(l) 
N(3)-C(9)-C(IO) 
C(14)-N(4)-C(13) 
C(13)-N(4)-Ti(l) 
C(I 5)-N(5)-Ti(l) 
C(I 8)-N(6)-C(I 7) 
C(I 7)-N(6)-Ti(l) 
C(2 I)-C(20)-C(I 9) 
Symmetry operatia 
1 -x+ 1, -y+ 1, -z+2 
111.46(9) 
115.07(7) 
116.83(10) 
111.16(11) 
129.59(10) 
136.98(8) 
110.63(12) 
119.53(10) 
120.14(18) 
ns for equivalent atoms 
C(8)-N(3)-Ti(l) 
C(9)-N(3)-Ti(l) 
N(3)-C(I I)-C(12) 
C(14)-N(4)-Ti(l) 
C(I 5)-N(5)-C(l 6) 
C(16)-N(5)-Ti(l) 
C(I 8)-N(6)-Ti(l) 
C(20)-C(I 9)-C(2 V) 
C(20)-C(2 I)-C(I 9') 
102.24(7) 
109.27(7) 
113.67(il) 
117.14(9) 
111.86(10) 
110.79(8) 
129.83(9) 
120.29(18) 
119.57(19) 
A. 1.2 Crystal data and structure refinement for 4 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
RefIns collected / unique 
Reflns observed [F>4a(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4cy(F)] 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
4 
C15H27N5OTi 
341.32 
173(2) K 
OD Xcalibur 3,0.71073 
Triclinic, P- I 
a= 10.688(2) A 
b= 12.812(5) A 
c= 15.168(4) A 
1835.9(9) A3,4 
1.235 Mg/m3 
0.475 mm-1 
728 
Yellow blocks 
0.23 x 0.20 x 0.16 MM3 
cc = 105.71(3)' 
p= 99.26(2)' 
7= 107.74(3)0 
3.74 to 3 1.79' 
-15<=h<=15, -18<=k<=18, -22<=I<=21 
26594 / 11430 [R(int) = 0.04201 
4819 
Semi-empirical from equivalents 
1.01752 and 0.98511 
Full-matrix least-squares on F2 
11430 /0/ 411 
0.787 
RI = 0.0424 wR2 = 0.0944 
RI = 0.1037, wR2 = 0.1008 
0.6309 -0.314 eA-3 
0.000 and 0.001 
-255 - 
ices 
C112) 
C(2) 
C(8) 
Table 3- Bond lengths [A] and angles ['] for 4. 
Ti-N(3 0) 1.8930(17) Ti'-N(20') 1.8858(17) 
Ti-N(20) 1.8935(16) Ti'-N(30') 1.9094(17) 
Ti-N(40) 1.9204(17) Ti'-N(40') 1.9156(16) 
Ti-N(4) 2.0826(15) Ti'-N(4') 2.0891(16) 
Ti-0(1) 2.2539(15) Ti'-O(I') 2.2333(14) 
0(l)-C(2) 1.424(2) 0(1')-C(12') 1.431(2) 
0(l)-C(12) 1.432(2) 0(1')-C(2') 1.433(2) 
C(2)-C(3) 1.490(3) C(2')-C(3') 1.487(2) 
C(3)-N(I 1) 1.316(2) C(3')-N(I P) 1.320(2) 
C(3)-N(4) 1.365(2) C(3')-N(4') 1.369(2) 
N(4)-C(5) 1.399(2) N(4')-C(5') 1.400(2) 
C(5)-C(6) 1.384(3) C(5')-C(6) 1.395(2) 
C(5)-C(I 0) 1.407(2) C(5')-C(I 0') 1.403(3) 
C(6)-C(7) 1.376(3) C(6')-C(7') 1.376(2) 
C(7)-C(8) 1.399(3) C(7')-C(8) 1.394(3) 
C(8)-C(9) 1.377(3) C(8')-C(9') 1.382(3) 
-256- 
Amendices 
C(9)-C(l 0) 1.390(3) C(9')-C(l 0') 1.399(2) 
C(I 0)-N(I 1) 1.392(2) C(I 0')-N(I V) 1.399(2) 
N(20)-C(22) 1.454(2) N(20')-C(22') 1.450(3) 
N(20)-C(2 1) 1.465(3) N(20')-C(2 P) 1.464(3) 
N(30)-C(3 1) 1.452(2) N(30')-C(32') 1.458(2) 
N(30)-C(32) 1.460(2) N(3 0')-C(3 V) 1.462(2) 
N(40)-C(42) 1.453(3) N(40')-C(4 V) 1.458(2) 
N(40)-C(4 1) 1.457(2) N(40')-C(42') 1.461(3) 
N(30)-Ti-N(20) 114.74(7) N(20')-Ti-N(30') 112.7l(7) 
N(30)-Ti-N(40) 96.00(8) N(20')-Ti'-N(40') 98.15(7) 
N(20)-Ti-N(40) 96.25(7) N(30')-Ti'-N(40') 96.58(7) 
N(30)-Ti-N(4) 
. 
119.5l(7) N(20')-Ti'-N(4') 121.0l(7) 
N(20)-Ti-N(4) 120.69(7) N(30')-Ti'-N(4') 121.24(7) 
N(40)-Ti-N(4) 100.13(7) N(40')-Ti'-N(4') 97.72(6) 
N(30)-Ti-O(I) 88.13(7) N(20')-Tif-0(1 1) 87.50(6) 
N(20)-Ti-O(I) 87.95(7) N(3 O')-Ti'-0(1 1) 89.49(6) 
N(40)-Ti-O(I) 172.23(6) N(40')-Tit-0(1 1) 169.34(6) 
N(4)-Ti-O(I) 72.10(6) N(4')-Til-0(1 1) 71.63(5) 
C(2)-0(1)-C(I2) 112.99(14) C(l2')-0(1')-C(2') 113.10(14) 
C(2)-0(1)-Ti 120.32(11) C(l2')-0(1')-Ti' 125.33(11) 
C(12)-0(1)-Ti 126.60(11) C(2')-0(1')-Ti' 120.56(10) 
O(l)-C(2)-C(3) 106.04(14) 0(1')-C(2)-C(3') 105.10(14) 
N(I 1)-C(3)-N(4) 117.78(17) N(I l')-C(3')-N(4') 117.4l(16) 
N(I 1)-C(3)-C(2) 123.05(16) N(I l')-C(3)-C(2') 123.94(17) 
N(4)-C(3)-C(2) 119.14(15) N(4')-C(3')-C(2') 118.64(16) 
C(3)-N(4)-C(5) 102.6l(14) C(3')-N(4')-C(5') 102.63(14) 
C(3)-N(4)-Ti 121.53(12) C(3')-N(4')-Ti' 121.49(11) 
C(5)-N(4)-Ti 135.83(12) C(5')-N(4')-Ti' 135.87(12) 
C(6)-C(5)-N(4) 131.96(17) C(6')-C(5')-N(4') 131.20(17) 
C(6)-C(5)-C(I 0) 120.85(17) C(6')-C(5')-C(I 0) 121.10(17) 
N(4)-C(5)-C(I 0) 107.14(16) N(4')-C(5')-C(I 0') 107.57(15) 
C(7)-C(6)-C(5) 117.88(18) C(7)-C(6)-C(5) 117.56(18) 
C(6)-C(7)-C(8) 121.67(19) C(6')-C(7')-C(8') 121.85(18) 
C(9)-C(8)-C(7) 120.74(19) C(9')-C(8')-C(7') 121.09(18) 
C(8)-C(9)-C(l 0) 118.19(18) C(8')-C(9')-C(l 0') 117.89(18) 
C(9)-C(I 0)-N(I 1) 129.34(17) N(I l)-C(I O')-C(9') 129.65(18) 
C(9)-C(I 0)-C(5) 120.64(18) N(I l')-C(I O')-C(5') 109.72(16) 
N(I 1)-C(I 0)-C(5) 109.97(16) C(9')-C(I O')-C(5') 120.49(17) 
C(3)-N(I 1)-C(I 0) 102.48(15) C(3')-N(I l')-C(I 0') 102.66(15) 
C(22)-N(20)-C(2 1) 111.87(16) C(22')-N(20')-C(2 l') 111.99(17) 
C(22)-N(20)-Ti 128.5l(13) C(22')-N(20')-Ti' 128.87(15) 
C(2 1)-N(20)-Ti 119.16(12) C(2 l')-N(20')-Ti' 119.0l(14) 
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Appendices 
C(3 I)-N(30)-C(32) 
C(3 I)-N(3 0)-Ti 
C(32)-N(30)-Ti 
C(42)-N(40)-C(4 1) 
C(42)-N(40)-Ti 
110.68(16) C(3 2')-N(3 0')-C(3 F) 
126.39(13) C(32')-N(30')-Ti' 
122.93(13) C(3 I')-N(3 0')-Ti' 
109.34(16) C(4 I')-N(40')-C(42') 
126.71(13) C(4 I')-N(40')-Til 
109.56(15) 
124.93(12) 
125.07(12) 
110.40(16) 
Q4 I)-N(40)-Ti 123.95(14) C(42')-N(40')-Ti' 
A. 1.3 Crystal data and structure reflnement for 6 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume,, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4cT(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4cy(F)] 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
127.47(14) 
122.12(13) 
6 
C24H36N8Ti. C6H6 
562.62 
173(2) K 
OD Xcalibur PX Ultra, 1.54248 A 
Triclinic, P- I 
a=9.826(2) A (x = 89.900(18)' 
b= 11.205(2) A p= 75.64(2)' 
c= 14.726(4) A y= 73.662(18)' 
1503.2(6) A3,2 
1.243 Mg/m3 
2.662 mm-1 
600 
Orange needles 
0.11 x 0.03 x 0.02 mm3 
3.11 to 71.18' 
-12<=h<=10, -13<=k<=13, -18<=I<=17 
35751 / 5720 [R(int) = 0.0378] 
4399 
Semi-empirical from equivalents 
1.02325 and 0.97086 
Full-matrix least-squares on F2 
5720/0/356 
0.945 
RI = 0.0324,, wR2 = 0.0821 
RI = 0.0435, wR2 = 0.0842 
0.246, -0.178 eA-3 
0.000 and 0.000 
-258- 
ices 
NOD 
C(8) 
CM 
C(52) 
Table 4- Bond lengths [A] and angles ['] for 6. 
C(29) 
N(31) 
Ti-N(40) 1.9068(14) N(2l)-C(32) 1.489(2) 
Ti-N(50) 1.9145(14) C(22)-C(23) 1.490(2) 
Ti-N(4) 2.0834(14) C(23)-N(31) 1.327(2) 
Ti-N(24) 2.1630(14) C(23)-N(24) 1.365(2) 
Ti-N(2 1) 2.4703(15) N(24)-C(25) 1.395(2) 
Ti-N(I) 2.5180(15) C(25)-C(26) 1.396(2) 
N(l)-C(2) 1.475(2) C(25)-C(30) 1.421(2) 
N(l)-C(I 3) 1.479(2) C(26)-C(27) 1.381(2) 
N(l)-C(I 2) 1.486(2) C(27)-C(28) 1.404(3) 
C(2)-C(3) 1.496(2) C(28)-C(29) 1.372(3) 
C(3)-N(I 1) 1.313(2) C(29)-C(30) 1.394(2) 
C(3)-N(4) 1.373(2) C(30)-N(3 1) 1.380(2) 
N(4)-C(5) 1.395(2) N(40)-C(4 1) 1.461(2) 
C(5)-C(6) 1.393(2) N(40)-C(42) 1.465(2) 
C(5)-C(I 0) 1.410(2) N(50)-C(5 1) 1.455(2) 
C(6)-C(7) 1.380(2) N(50)-C(52) 1.466(2) 
C(7)-C(8) 1.397(3) C(60)-C(65) 1.339(3) 
C(8)-C(9) 1.383(3) C(60)-C(61) 1.367(3) 
C(9)-C(l 0) 1.396(2) C(6 I)-C(62) 1.388(4) 
C(I 0)-N(I 1) 1.391(2) C(62)-C(63) 1.381(4) 
N(2l)-C(33) 1.479(2) C(63)-C(64) 1.356(4) 
N(2 I)-C(22) 1.480(2) C(64)-C(65) 1.361(4) 
-259- 
Avvendices 
N(40)-Ti-N(50) 99.78(6) C(9)-C(I 0)-C(5) 120.63(15) 
N(40)-Ti-N(4) 93.70(6) C(3)-N(l I)-C(I 0) 103.24(14) 
N(50)-Ti-N(4) 104.31(6) C(33)-N(2l)-C(22) 108.31(15) 
N(40)-Ti-N(24) 97.77(6) C(3 3)-N(2 I)-C(3 2) 106.73(16) 
N(50)-Ti-N(24) 155.30(5) C(22)-N(2l)-C(32) 108.01(14) 
N(4)-Ti-N(24) 91.72(5) C(3 3)-N(2 I)-Ti 119.92(11) 
N(40)-Ti-N(2 1) 91.34(6) C(22)-N(2 I)-Ti 107.49(10) 
N(50)-Ti-N(21) 91.85(6) C(32)-N(2l)-Ti 105.87(10) 
N(4)-Ti-N(2 1) 161.97(5) N(2 I)-C(22)-C(23) 108.60(13) 
N(24)-Ti-N(2 1) 70.44(5) N(3 I)-C(23)-N(24) 117.21(15) 
N(40)-Ti-N(l) 165.30(5) N(3 I)-C(23)-C(22) 124.58(14) 
N(50)-Ti-N(l) 87.02(6) N(24)-C(23)-C(22) 118.20(15) 
N(4)-Ti-N(l) 71.91(5) C(23)-N(24)-C(25) 102.92(13) 
N(24)-Ti-N(l) 80.14(5) C(23)-N(24)-Ti 121.30(11) 
N(2 I)-Ti-N(l) 101.51(5) C(25)-N(24)-Ti 135.77(10) 
C(2)-N(l)-C(I 3) 108.08(14) N(24)-C(25)-C(26) 132.29(14) 
C(2)-N(l)-C(I 2) 107.68(13) N(24)-C(25)-C(30) 107.13(14) 
C(13)-N(l)-C(12) 107.82(13) C(26)-C(25)-C(30) 120.55(15) 
C(2)-N(l)-Ti 102.36(9) C(27)-C(26)-C(25) 117.82(15) 
C(I 3)-N(l)-Ti 119.19(11) C(26)-C(27)-C(28) 121.74(17) 
C(12)-N(l)-Ti 111.07(10) C(29)-C(28)-C(27) 120.84(16) 
N(l)-C(2)-C(3) 109.63(13) C(28)-C(29)-C(30) 118.73(16) 
N(I I)-C(3)-N(4) 117.00(14) N(3 I)-C(3 0)-C(29) 129.89(15) 
N(I l)-C(3)-C(2) 124.89(15) N(3 I)-C(3 0)-C(2 5) 109.76(14) 
N(4)-C(3)-C(2) 118.08(14) C(29)-C(30)-C(25) 120.33(16) 
C(3)-N(4)-C(5) 102.88(13) C(23)-N(3 I)-C(3 0) 102.98(13) 
C(3)-N(4)-Ti 120.68(10) C(4 I)-N(40)-C(42) 110.09(14) 
C(5)-N(4)-Ti 135.93(11) C(4 I)-N(40)-Ti 121.68(11) 
C(6)-C(5)-N(4) 131.86(16) C(42)-N(40)-Ti 128.21(12) 
C(6)-C(5)-C(I 0) 120.78(15) C(5 I)-N(50)-C(52) 108.66(14) 
N(4)-C(5)-C(I 0) 107.32(14) C(5 I)-N(50)-Ti 137.49(12) 
C(7)-C(6)-C(5) 117.99(16) C(52)-N(50)-Ti 113.32(11) 
C(6)-C(7)-C(8) 121.42(16) C(65)-C(60)-C(6 1) 119.9(2) 
C(9)-C(8)-C(7) 121.24(16) C(60)-C(6 I)-C(62) 120.1(2) 
C(8)-C(9)-C(I 0) 117.93(17) C(63)-C(62)-C(6 1) 118.8(2) 
N(I I)-C(I 0)-C(9) 129.79(16) C(64)-C(63)-C(62) 119.5(3) 
N(I I)-C(I 0)-C(5) 109.56(14) C(63)-C(64)-C(65) 120.8(3) 
C(60)-C(65)-C(64) 120.8(3) 
A. 1.4 Crystal data and structure refinement for 7 
Identification code 7 
Empirical formula C22H3ON602Ti. 2CHC13 
-260- 
Almendices 
Formula weight 
Temperature 
Diffractometer,, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4a(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4a(F)] 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
C(8) 09) COO) NOV 
697.16 
173(2) K 
OD Xcalibur 3,0.71073 A 
Monoclinic, P2(1)/c 
a=7.5470(4) A 
b= 21.501(4) A 
c= 19.960(4) A 
3221.4(8) A3,4 
1.437 Mg/m3 
0.796 mm-1 
1432 
Orange/red blocks 
90' 
95.956(8)' 
900 
0.27 x 0.19 x 0.16 mm3 
3.74 to 31.77' 
-II <=h<= 10, -3 1 <=k<=3 0, -29<=I<=26 
53610 / 10393 [R(int) = 0.0320] 
7576 
Semi-empirical from equivalents 
1.03732 and 0.96758 
Full-matrix least-squares on F2 
10393 / 30 / 390 
1.123 
RI = 0.0397, wR2 = 0.1158 
RI = 0.0577, wR2 = 0.1207 
0.537, -0.618 eÄ-3 
0.000 and 0.002 
C(41) 
C(42) 
N(40) 
xý 
JO/J 
C (2) 
CM 1ý, 
C(3) 
NM C(6) 
C(51) 
Lill T 
C(12) 
00) C(26) 
C(27) 
N(24) C(25) 
C(28) 
U- 0(21) 
C(52)( 
C(32) 
N(31) 
6ý7 
Table 5- Bond lengths [A] and angles ['] for 7. 
Ti-N(50) 1.8946(11) C(23)-N(3 1) 1.3248(17) 
Ti-N(40) 1.9010(11) C(23)-N(24) 1.3635(16) 
Ti-N(24) 2.1093(11) N(24)-C(25) 1.3920(16) 
Ti-N(4) 2.1132(11) C(25)-C(26) 1.3971(19) 
-261 - 
Avvendices 
Ti-0(1) 2.2150(9) C(25)-C(30) 1.4113(18) 
Ti-0(2 1) 2.2569(10) C(26)-C(27) 1.388(2) 
0(l)-C(2) 1.4319(16) C(27)-C(28) 1.399(2) 
0(l)-C(I 2) 1.4390(16) C(28)-C(29) 1.378(2) 
C(2)-C(3) 1.4947(18) C(29)-C(30) 1.3995(19) 
C(3)-N(I 1) 1.3261(17) C(30)-N(3 1) 1.3917(17) 
C(3)-N(4) 1.3614(16) N(40)-C(42) 1.4616(18) 
N(4)-C(5) 1.3923(17) N(40)-C(4 1) 1,4668(19) 
C(5)-C(6) 1.3992(19) N(50)-C(52) 1.4660(19) 
C(5)-C(I 0) 1.4091(19) N(50)-C(5 1) 1.4665(17) 
C(6)-C(7) 1.380(2) C(60)-CI(l) 1.7511(18) 
C(7)-C(8) 1.406(2) C(60)-CI(3) 1.755(2) 
C(8)-C(9) 1.384(2) C(60)-CI(2) 1.757(2) 
C(9)-C(l 0) 1.398(2) C(70)-CI(6) 1.708(5) 
C(I 0)-N(I 1) 1.3928(18) C(70)-CI(5) 1.732(5) 
0(2 I)-C(22) 1.4340(16) C(70)-CI(4) 1.756(4) 
0(2l)-C(32) 1.4353(16) C(70')-CI(4') 1.713(11) 
C(22)-C(23) 1.4906(18) C(70')-CI(6') 1.715(11) 
C(70')-CI(5') 1.722(11) 
N(50)-Ti-N(40) 99.09(5) C(22)-0(2 I)-Ti 117.68(7) 
N(50)-Ti-N(24) 97.84(5) C(32)-0(2l)-Ti 129.32(8) 
N(40)-Ti-N(24) 104.87(5) 0(2 I)-C(22)-C(23) 106.60(10) 
N(50)-Ti-N(4) 104.20(5) N(I I)-C(3)-C(2) 123.36(12) 
N(40)-Ti-N(4) 98.00(5) N(3 I)-C(23)-N(24) 117.07(12) 
N(24)-Ti-N(4) 145.14(4) N(3 I)-C(23)-C(22) 123.09(11) 
N(50)-Ti-0(1) 170.38(4) N(24)-C(23)-C(22) 119.84(11) 
N(40)-Ti-0(1) 90.47(5) C(23)-N(24)-C(25) 103.11(10) 
N(24)-Ti-0(1) 80.58(4) C(23)-N(24)-Ti 119.09(8) 
N(4)-Ti-0(1) 73.18(4) C(25)-N(24)-Ti 137.05(9) 
N(50)-Ti-0(21) 91.99(4) N(24)-C(25)-C(26) 131.72(12) 
N(40)-Ti-0(2 1) 168.90(4) N(24)-C(25)-C(30) 107.46(11) 
N(24)-Ti-0(2 1) 72.72(4) C(26)-C(25)-C(30) 120.81(12) 
N(4)-Ti-0(2 1) 79.76(4) C(27)-C(26)-C(25) 117.81(13) 
0(l)-Ti-0(2 1) 78.46(4) C(26)-C(27)-C(28) 121.21(14) 
C(2)-O(I)-C(I 2) 113.72(10) C(29)-C(28)-C(27) 121.52(13) 
C(2)-O(I)-Ti 118.51(7) C(28)-C(29)-C(30) 118.04(13) 
C(I 2)-O(I)-Ti 127.54(8) N(3 I)-C(3 0)-C(29) 129.90(12) 
0(l)-C(2)-C(3) 106.50(10) N(3 I)-C(3 0)-C(2 5) 109.48(11) 
N(I I)-C(3)-N(4) 117.26(12) C(29)-C(30)-C(25) 120.59(13) 
N(4)-C(3)-C(2) 119.38(11) C(23)-N(3 I)-C(30) 102.89(11) 
C(3)-N(4)-C(5) 102.98(11) C(42)-N(40)-C(4 1) 109.11(12) 
C(3)-N(4)-Ti 118.48(8) C(42)-N(40)-Ti 127.56(10) 
-262- 
S 
C(5)-N(4)-Ti 137.89(9) C(4 1)-N(40)-Ti 123.3l(10) 
N(4)-C(5)-C(6) 131.6l(13) C(52)-N(50)-C(5 1) 109.77(11) 
N(4)-C(5)-C(I 0) 107.57(11) C(52)-N(50)-Ti 123.3l(9) 
C(6)-C(5)-C(I 0) 120.8l(12) C(5 1)-N(50)-Ti 126.9l(9) 
C(7)-C(6)-C(5) 117.94(14) Cl(1)-C(60)-Cl(3) 109.99(10) 
C(6)-C(7)-C(g) 121.48(14) Cl(1)-C(60)-Cl(2) 110.29(11) 
C(9)-C(8)-C(7) 120.90(14) Cl(3)-C(60)-Cl(2) 109.63(10) 
C(8)-C(9)-C(10) 118.24(14) Cl(6)-C(70)-Cl(5) 114.5(3) 
N(I 1)-C(l 0)-C(9) 129.85(13) Cl(6)-C(70)-Cl(4) 109.4(3) 
N(I 1)-C(I 0)-C(5) 109.5l(11) Cl(5)-C(70)-Cl(4) 109.7(3) 
C(9)-C(I 0)-C(5) 120.62(13) Cl(4')-C(70')-Cl(6') 113. l(8) 
C(3)-N(I 1)-C(I 0) 102.68(11) Cl(4')-C(70')-Cl(5') 109.7(7) 
C(22)-0(21)-C(32) 112.60(10) Cl(6')-C(70')-Cl(5') 110.2(8) 
A. 1.5 Crystal data and structure refinement for A. 
Identification code A 
Empirical formula C26H37N7Ti 
Formula weight 495.53 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54248 A 
Crystal system, space group Triclinic, P- I 
Unit cell dimensions a= 10.3 88(3) A 114.03 (4)' 
b= 11.745(4) A 91.34(3)' 
c= 13.576(4) Ay 115.65(2)' 
Volume,, Z 1323.1(7) A3,2 
Density (calculated) 1.244 Mg/m3 
Absorption coefficient 2.943 mm-1 
F(OOO) 528 
Crystal colour / morphology Brown needles 
Crystal size 0.16 x 0.07 x 0.06 mm3 
0 range for data collection 3.68 to 71.32' 
Index ranges -I 2<=h<= 12, -14<=k<= 14, -16<=I<= 14 
Reflns collected / unique 33907 / 5064 [R(int) = 0.0832] 
Reflns observed [F>4cy(F)l 2768 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.03269 and 0.95727 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5064/8/326 
Goodness-of-fit on F2 0.796 
Final R indices [F>4a(F)] RI 0.0379, wR2 0.0710 
R indices (all data) RI 0.0765, wR2 0.0752 
Largest diff. peak, hole 0.224, -0.215 eA-3 
Mean and maximum shift/error 0.000 and 
0.001 
-263- 
Appendices 
C(29) 
C(28) 
N(351) WC(3 0) 
C(27) 
C(25) 
C 
C( 
C(26) 022) 
C(35) 
C114) 
N(l) Ti 
C(12) 
N(4) 
C(2) 
C (5-5) 
CO COX 
NOD C(10) COO) 
C(q) 08) 
C(33) c 
N(40) 
C(41) 
6) 
CM 
Table 6- Bond lengths [A] and angles ['] for A. 
Ti-N(40) 1.897(2) C(12)-C(13) 1.486(4) 
Ti-N(24) 2.0681(19) C(I 2)-C(I Y) 1.486(13) 
Ti-N(4) 2.0799(19) C(14)-C(15) 1.507(4) 
Ti-C(12) 2.116(3) N(2 I)-C(3 2') 1.235(10) 
Ti-C(32') 2.212(10) N(2 I)-C(22) 1.475(3) 
Ti-N(I) 2.219(3) N(2l)-C(34) 1.493(3) 
Ti-N(2 1) 2.306(2) N(2 I)-C(3 2) 1.601(4) 
N(l)-C(12) 1.416(3) C(22)-C(23) 1.498(3) 
N(l)-C(2) 1.470(3) C(23)-N(31) 1.311(3) 
N(l)-C(I 4) 1.500(3) C(23)-N(24) 1.369(3) 
N(l)-C(I 2) 1.806(11) N(24)-C(25) 1.384(3) 
C(2)-C(3) 1.494(3) C(25)-C(30) 1.395(3) 
C(3)-N(I 1) 1.317(3) C(25)-C(26) 1.400(3) 
C(3)-N(4) 1.375(3) C(26)-C(27) 1.379(3) 
N(4)-C(5) 1.383(3) C(27)-C(28) 1.397(3) 
C(5)-C(6) 1.397(3) C(28)-C(29) 1.380(3) 
C(5)-C(I 0) 1.403(3) C(29)-C(30) 1.394(3) 
C(6)-C(7) 1.379(3) C(30)-N(3 1) 1.402(3) 
C(7)-C(8) 1.403(3) C(32)-C(33) 1.516(4) 
C(8)-C(9) 1.363(4) C(32')-C(33') 1.518(12) 
C(9)-C(l 0) 1.394(3) C(34)-C(35) 1.522(3) 
C(I 0)-N(I 1) 1.391(3) N(40)-C(41) 1.446(3) 
N(40)-C(42) 1.459(3) 
N(40)-Ti-N(24) 98.45(8) N(I I)-C(I 0)-C(9) 130.3(2) 
N(40)-Ti-N(4) 96.16(8) N(I I)-C(I 0)-C(5) 109.8(2) 
N(24)-Ti-N(4) 164.75(7) C(q)-C(I 0)-C(5) 119.9(3) 
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N(40)-Ti-C(I 2) 101.68(11) C(3)-N(I I)-C(I 0) 103.0(2) 
N(24)-Ti-C(I 2) 89.94(11) N(l)-C(I 2)-C(I 3) 116.2(3) 
N(4)-Ti-C(I 2) 91.38(10) N(l)-C(12)-Ti 74.89(16) 
N(40)-Ti-C(32') 99.3(3) C(I 3)-C(I 2)-Ti 127.6(2) 
N(24)-Ti-C(32') 85.1(3) C(I 3')-C(I 2')-N(l) 109.9(8) 
N(4)-Ti-C(32') 88.3(3) N(l)-C(I 4)-C(I 5) 113.6(2) 
C(12)-Ti-C(32') 158.9(3) C(32')-N(2 I)-C(22) 134.1(5) 
N(40)-Ti-N(l) 137.70(9) C(32')-N(2l)-C(34) 110.3(5) 
N(24)-Ti-N(l) 94.47(8) C(22)-N(2l)-C(34) 110.01(19) 
N(4)-Ti-N(l) 77.45(8) C(32')-N(2l)-C(32) 40.0(5) 
C(I 2)-Ti-N(l) 38.04(9) C(22)-N(2 I)-C(32) 104.09(19) 
C(32')-Ti-N(l) 121.9(3) C(34)-N(2l)-C(32) 111.2(2) 
N(40)-Ti-N(2 1) 129.89(9) C(3 2)-N(2 I)-Ti 70.0(5) 
N(24)-Ti-N(2 1) 74.73(7) C(22)-N(2 I)-Ti 109.91(14) 
N(4)-Ti-N(2 1) 92.51(7) C(34)-N(2l)-Ti 115.92(14) 
C(I 2)-Ti-N(2 1) 127.39(10) C(32)-N(2l)-Ti 104.98(15) 
C(32')-Ti-N(21) 31.6(3) N(2 I)-C(22)-C(23) 109.33(18) 
N(l)-Ti-N(2 1) 92.35(9) N(3 I)-C(23)-N(24) 117.1(2) 
C(I 2)-N(l)-C(2) 123.8(2) N(3 I)-C(23)-C(22) 125.3(2) 
C(I 2)-N(l)-C(I 4) 111.7(2) N(24)-C(23)-C(22) 117.67(19) 
C(2)-N(l)-C(14) 110.76(18) C(23)-N(24)-C(25) 103.13(18) 
C(I 2)-N(l)-C(I 2') 40.8(4) C(23)-N(24)-Ti 119.90(15) 
C(2)-N(l)-C(I 2') 87.5(4) C(25)-N(24)-Ti 136.60(16) 
C(14)-N(l)-C(121) 116.0(5) N(24)-C(25)-C(30) 107.6(2) 
C(12)-N(l)-Ti 67.07(15) N(24)-C(25)-C(26) 130.8(2) 
C(2)-N(l)-Ti 114.00(15) C(30)-C(25)-C(26) 121.6(2) 
C(14)-N(l)-Ti 124.16(16) C(27)-C(26)-C(25) 117.4(2) 
C(12')-N(l)-Ti 97.8(4) C(26)-C(27)-C(28) 121.1(2) 
N(l)-C(2)-C(3) 110.59(19) C(29)-C(28)-C(27) 121.6(2) 
N(I I)-C(3)-N(4) 116.5(2) C(28)-C(29)-C(30) 118.0(2) 
N(I I)-C(3)-C(2) 124.2(2) C(29)-C(30)-C(25) 120.3(2) 
N(4)-C(3)-C(2) 119.3(2) C(29)-C(30)-N(3 1) 130.0(2) 
C(3)-N(4)-C(5) 103.20(19) C(25)-C(3 0)-N(3 1) 109.7(2) 
C(3)-N(4)-Ti 117.63(16) C(23)-N(3 I)-C(30) 102.51(19) 
C(5)-N(4)-Ti 139.06(16) C(33)-C(32)-N(21) 113.8(2) 
N(4)-C(5)-C(6) 131.3(2) N(2l)-C(32')-C(33') 110.4(9) 
N(4)-C(5)-C(I 0) 107.5(2) N(2l)-C(32)-Ti 78.4(5) 
C(6)-C(5)-C(I 0) 121.1(2) C(33)-C(32')-Ti 127.9(8) 
C(7)-C(6)-C(5) 118.1(2) N(2l)-C(34)-C(35) 115.40(19) 
C(6)-C(7)-C(8) 120.4(3) C(4 I)-N(40)-C(42) 111.10(18) 
C(9)-C(8)-C(7) 121.9(3) C(4 I)-N(40)-Ti 124.43(16) 
C(S)-C(9)-C(l 0) 118.6(3) C(42)-N(40)-Ti 124.44(15) 
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A. 1.6 Crystal data and structure refinement for 9. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient ýt 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
0 range for data collection 
Index ranges 
Completeness to 0= 26.00' 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2 >2cy 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F 2 >2cy] 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Largest and mean shift/su 
Largest diff. peak and hole 
9 
C2lH27N7Ti 
425.40 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2, 
a=9.2900(8) A 
b=8.1014(7) A 
c= 15.0461(13) A 
1079.95(16) A3 
a 90' 
p 107.506(2)' 
7 900 
2 
1.308 g/CM3 
0.418 mm-1 
448 
yellow, 0.55 x 0.45 x 0.08 mm 3 
5087 (0 range 2.30 to 30.46') 
Bruker APEX 2 CCD diffractometer 
(o rotation with narrow frames 
2.30 to 30.52' 
h -13 to U, k -11 to 11,1-21 to 21 
99.9% 
0% 
12370 
6353 (Ri,, t = 0.0264) 
5381 
semi-empirical from equivalents 
0.803 and 0.967 
direct methods 
Full-matrix least-squares on F2 
0.0418,0.0962 
6353/1 /267 
RI = 0.0363, wR2 0.0791 
RI = 0.0508, wR2 0.0862 
1.036 
-0.016(18) IDeterminedreliably. 
1 
0.000 and 0.000 
0.329 and -0.384 eA 
-3 
-266- 
A 
C(9) C(8) 
c 
COI 
C(20) 
Table 7- Bond lengths [A] and angles [0] for 9 
(5) 
C(4) 
Ti(l)-N(6) 1.8636(17) Ti(l)-N(7) 1.8816(16) 
Ti(l)-N(l) 2.0283(15) Ti(l)-N(4) 2.0375(15) 
Ti(l)-N(3) 2.3312(16) N(l)-C(7) 1.384(2) 
N(l)-C(I) 1.401(2) C(l)-C(2) 1.392(3) 
C(l)-C(6) 1.407(3) C(2)-C(3) 1.387(3) 
C(3)-C(4) 1.395(3) C(4)-C(5) 1.376(3) 
C(5)-C(6) 1.393(3) C(6)-N(2) 1.393(3) 
N(2)-C(7) 1.308(2) C(7)-C(8) 1.493(3) 
ýC(8)-N(3) 1.486(2) N(3)-C(I 0) 1.483(2) 
N(3)-C(9) 1.490(3) C(i 0)-C(l 1) 1.490(3) 
C(I I)-N(5) 1.312(2) C(I I)-N(4) 1.379(2) 
N(4)-C(I 2) 1.392(2) C(I 2)-C(I 3) 1.391(3) 
C(I 2)-C(l 7) 1.410(2) C(13)-C(14) 1.383(3) 
C(I 4)-C(I 5) 1.406(3) C(I 5)-C(I 6) 1.369(3) 
C(I 6)-C(I 7) 1.391(3) C(I 7)-N(5) 1.394(3) 
N(6)-C(I 9) 1.446(3) N(6)-C(I 8) 1.466(3) 
N(7)-C(20) 1.456(2) N(7)-C(2 1) 1.457(3) 
N(6)-Ti(l)-N(7) 101.09(7) N(6)-Ti(l)-N(l) 109.92(7) 
N(7)-Ti(l)-N(l) 98.30(7) N(6)-Ti(l)-N(4) 113.96(7) 
N(7)-Ti(l)-N(4) 93.99(7) N(l)-Ti(l)-N(4) 130.89(6) 
N(6)-Ti(l)-N(3) 102.39(7) N(7)-Ti(l)-N(3) 156.41(6) 
N(l)-Ti(l)-N(3) 75.77(6) N(4)-Ti(l)-N(3) 74.36(6) 
C(7)-N(l)-C(l) 102.97(15) C(7)-N(l)-Ti(l) 121.68(13) 
C(l)-N(l)-Ti(l) 135.18(12) C(2)-C(l)-N(l) 131.35(17) 
C(2)-C(l)-C(6) 121.58(17) N(l)-C(l)-C(6) 107.06(16) 
C(3)-C(2)-C(l) 117.15(19) C(2)-C(3)-C(4) 121.3(2) 
C(5)-C(4)-C(3) 121.77(19) C(4)-C(5)-C(6) 117.88(18) 
C(5)-C(6)-N(2) 129.90(18) C(5)-C(6)-C(l) 120.32(18) 
N(2)-C(6)-C(l) 109.78(16) C(7)-N(2)-C(6) 103.69(15) 
N(2)-C(7)-N(l) 116.50(17) N(2)-C(7)-C(8) 125.33(17) 
-267- 
Appendices 
N(l)-C(7)-C(8) 118.05(16) N(3)-C(8)-C(7) 109.76(15) 
C(I 0)-N(3)-C(8) 110.85(15) C(I 0)-N(3)-C(9) 108.50(15) 
C(8)-N(3)-C(9) 110.33(16) C(I 0)-N(3)-Ti(l) 105.39(11) 
C(8)-N(3)-Ti(l) 111.18(11) C(9)-N(3)-Ti(l) 110.45(12) 
N(3)-C(I 0)-C(I 1) 107.23(15) N(5)-C(I I)-N(4) 116.43(17) 
N(5)-C(I I)-C(I 0) 127.33(17) N(4)-C(I I)-C(I 0) 116.15(16) 
C(I I)-N(4)-C(I 2) 103.39(15) C(I I)-N(4)-Ti(l) 119.72(12) 
C(I 2)-N(4)-Ti(l) 136.78(12) C(I 3)-C(I 2)-N(4) 131.34(17) 
C(I 3)-C(I 2)-C(I 7) 121.61(17) N(4)-C(I 2)-C(I 7) 107.00(15) 
C(I 4)-C(I 3)-C(I 2) 117.45(18) C(I 3)-C(I 4)-C(I 5) 121.12(19) 
C(I 6)-C(I 5)-C(I 4) 121.21(19) C(I 5)-C(I 6)-C(I 7) 118.79(19) 
C(I 6)-C(I 7)-N(5) 130.46(18) C(I 6)-C(I 7)-C(I 2) 119.79(18) 
N(5)-C(I 7)-C(I 2) 109.76(16) C(I I)-N(5)-C(I 7) 103.39(16) 
C(I 9)-N(6)-C(I 8) 112.88(19) C(19)-N(6)-Ti(l) 123.40(15) 
C(I 8)-N(6)-Ti(l) 123.23(16) C(20)-N(7)-C(2 1) 111.52(16) 
C(20)-N(7)-Ti(l) 131.38(14) C(2l)-N(7)-Ti(l) 117.04(12) 
A. 1.7 Crystal data and structure refinement for 11. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4a(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4cT(F)j 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
11 
C26H29N7Ti. 0.5CH2CI2 
529.93 
173(2) K 
OD Xcalibur 3,0.71073 
Monoclinic, P2(1)/n 
a= 14.3525(18) A 
b= 20.683(3) A 
c= 18.036(2) A 
5273.6(12) A3,8 
1.335 Mg/m3 
0.455 mm-1 
2216 
Yellow blocky needles 
0.35 x 0.35 x 0.23 mM3 
cc 90' 
p 99.93 8(l 0)' 
y 900 
3.83 to 31.93' 
-20<=h<=21, -30<=k<=30, -25<=I<=25 
75065 / 16901 [R(int) = 0.0409] 
8957 
Semi-empirical from equivalents 
1.01281 and 0.98964 
Full-matrix least-squares on F2 
16901 / 127 / 683 
0.892 
RI = 0.045 1, wR2 = 0.1134 
RI = 0.0849, wR2 = 0.1199 
0.671, -0.3 83 eÄ-3 
0.000 and 0.002 
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Me, 
Table 8- Bond lengths [A] and angles ['] for 11. 
Ti-N(40) 1.8413(14) Ti'-N(I 1) 2.4241(14) 
Ti-N(30) 1.8794(14) N(I')-C(22') 1.453(2) 
Ti-N(14) 2.0235(14) N(I')-C(12') 1.487(2) 
Ti-N(4) 2.0455(14) N(I')-C(2') 1.489(2) 
Ti-N(I) 2.4373(14) C(2')-C(3') 1.488(2) 
N(l)-C(22) 1.457(2) C(3')-N(I P) 1.316(2) 
N(l)-C(12) 1.484(2) C(3')-N(4') 1.376(2) 
N(l)-C(2) 1.490(2) N(4')-C(5') 1.405(2) 
C(2)-C(3) 1.485(2) C(5')-C(6') 1.393(2) 
C(3)-N(I 1) 1.319(2) C(5')-C(I 0') 1.404(2) 
C(3)-N(4) 1.374(2) C(6')-C(7') 1.392(2) 
N(4)-C(5) 1.402(2) C(7')-C(8') 1.389(3) 
C(5)-C(6) 1.388(2) C(8)-C(9') 1.380(3) 
C(5)-C(I 0) 1.402(2) C(9')-C(l 0') 1.389(2) 
C(6)-C(7) 1.380(3) C(I 0')-N(I F) 1.398(2) 
C(7)-C(8) 1.390(3) C(I 2')-C(I 3') 1.478(2) 
C(8)-C(9) 1.373(3) C(I 3')-N(2 F) 1.315(2) 
C(9)-C(l 0) 1.394(3) C(I 3)-N(I 4') 1.378(2) 
C(I 0)-N(I 1) 1.391(2) N(14')-C(15') 1.401(2) 
C(I 2)-C(I 3) 1.487(2) C(I 5')-C(I 6') 1.390(2) 
C(I 3)-N(2 1) 1.313(2) C(I 5')-C(20') 1.409(2) 
C(I 3)-N(I 4) 1.364(2) C(I 6')-C(I T) 1.379(2) 
N(I 4)-C(I 5) 1.398(2) C(I 7')-C(I 8') 1.399(3) 
C(I 5)-C(I 6) 1.377(2) C(I 8')-C(l 9') 1.374(3) 
C(I 5)-C(20) 1.414(2) C(I 9')-C(20') 1.391(3) 
C(I 6)-C(I 7) 1.389(3) C(20')-N(2 F) 1.395(2) 
C(I 7)-C(I 8) 1.392(3) C(22')-C(23') 1.382(3) 
C(I 8)-C(l 9) 1.373(3) C(22')-C(27') 1.391(2) 
C(I 9)-C(20) 1.392(2) C(23')-C(24') 1.389(3) 
C(20)-N(2 1) 1.396(2) C(24')-C(25') 1.371(3) 
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C(22)-C(27) 1.387(3) C(25')-C(26) 1.364(3) 
C(22)-C(23) 1.392(2) C(26')-C(27') 1.386(3) 
C(23)-C(24) 1.381(3) N(30')-C(3 F) 1.454(2) 
C(24)-C(25) 1.373(3) N(30')-C(32) 1.461(2) 
C(25)-C(26) 1.361(3) N(40')-C(4 F) 1.448(3) 
C(26)-C(27) 1.391(3) N(40')-C(42') 1.455(2) 
N(3 0)-C(3 1) 1.458(2) C(50)-CI(2) 1.814(8) 
N(30)-C(32) 1.459(2) C(50)-CI(l) 1.873(8) 
N(40)-C(4 1) 1.450(2) C(50')-CI(II) 1.768(10) 
N(40)-C(42) 1.461(2) C(50')-CI(2') 1.883(10) 
Ti'-N(40') 1.8465(14) C(50")-CI(I 1.701(10) 
Ti'-N(14') 2.0410(14) C(50")-CI(2") 1.884(11) 
Ti'-N(4') 2.0456(14) C(50*)-CI(I *) 1.846(14) 
Ti'-N(30') 1.8709(14) C(50*)-CI(2*) 1.868(14) 
N(40)-Ti-N(30) 99.68(6) C(I 6')-C(I 5')-C(20') 121.21(16) 
N(40)-Ti-N(14) 110.68(6) N(I 4')-C(I 5')-C(20') 107.38(15) 
N(30)-Ti-N(14) 96.38(6) C(I 7')-C(l 6')-C(I 5') 117.33(17) 
N(40)-Ti-N(4) 114.18(6) C(I 6')-C(I 7')-C(I 8') 121.75(18) 
N(30)-Ti-N(4) 98.42(6) C(I 9)-C(I 8)-C(I T) 121.05(18) 
N(14)-Ti-N(4) 129.19(6) C(I 8')-C(I 9')-C(20') 118.22(17) 
N(40)-Ti-N(l) 100.79(5) C(I 9')-C(20')-N(2 F) 130.02(16) 
N(30)-Ti-N(l) 159.41(5) C(I 9')-C(20')-C(I 5') 120.42(17) 
N(14)-Ti-N(l) 74.23(5) N(2 I')-C(20')-C(I 5) 109.56(15) 
N(4)-Ti-N(l) 75.14(5) C(l 3)-N(2 I')-C(20') 103.39(14) 
C(22)-N(l)-C(12) 114.02(13) C(24)-C(23)-C(22) 120.8(2) 
C(22)-N(l)-C(2) 112.73(13) C(25)-C(24)-C(23) 120.5(2) 
C(12)-N(l)-C(2) 109.03(14) C(26)-C(25)-C(24) 119.1(2) 
C(22)-N(l)-Ti 107.30(10) C(25)-C(26)-C(27) 121.6(2) 
C(12)-N(l)-Ti 103.84(9) C(22)-C(27)-C(26) 119.7(2) 
C(2)-N(l)-Ti 109.47(10) C(3 I)-N(3 0)-C(3 2) 112.14(14) 
C(3)-C(2)-N(l) 111.22(13) C(3 I)-N(3 0)-Ti 130.32(12) 
N(I I)-C(3)-N(4) 116.47(15) C(32)-N(30)-Ti 117.51(11) 
N(I I)-C(3)-C(2) 123.04(15) C(4 I)-N(40)-C(42) 113.02(15) 
N(4)-C(3)-C(2) 120.30(15) C(4 I)-N(40)-Ti 118.98(12) 
C(3)-N(4)-C(5) 103.02(13) C(42)-N(40)-Ti 127.90(12) 
C(3)-N(4)-Ti 121.83(11) N(40')-Ti'-N(30') 99.23(6) 
C(5)-N(4)-Ti 134.56(11) N(40')-Ti'-N(14') 110.09(6) 
C(6)-C(5)-C(I 0) 121.27(16) N(30')-Ti'-N(14') 97.75(6) 
C(6)-C(5)-N(4) 131.45(16) N(40')-Til-N(4') 110.94(6) 
C(I 0)-C(5)-N(4) 107.27(14) N(30')-Ti'-N(4') 96.27(6) 
C(7)-C(6)-C(5) 117.61(17) N(14')-Ti'-N(4') 133.57(6) 
C(6)-C(7)-C(8) 121.03(18) N(40')-Ti'-N(I') 105.09(6) 
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C(9)-C(8)-C(7) 122.04(18) N(30')-Ti'-N(1') 155.68(5) 
C(8)-C(9)-C(l 0) 117.54(18) N(l4')-Ti'-N(1') 74.59(5) 
N(I 1)-C(I 0)-C(9) 129.72(17) N(4')-Ti'-N(I 1) 74.6l(5) 
N(I 1)-C(I 0)-C(5) 109.77(15) C(22')-N(1')-C(l2') 112.78(13) 
C(9)-C(I 0)-C(5) 120.49(17) C(22')-N(1')-C(2) 113.49(14) 
C(3)-N(I 1)-C(I 0) 103.46(14) C(I 2')-N(1')-C(2') 110.72(13) 
N(l)-C(I 2)-C(I 3) 109.75(14) C(22')-N(1')-Ti' 100.77(9) 
N(2 1)-C(I 3)-N(I 4) 116.76(15) C(l2)-N(1')-Ti' 109.25(10) 
N(2 1)-C(I 3)-C(I 2) 125.98(15) C(2')-N(1')-Ti' 109.30(9) 
N(I 4)-C(I 3)-C(I 2) 117.13(15) C(3')-C(2)-N(1') 111.37(13) 
C(I 3)-N(I 4)-C(I 5) 103.36(14) N(I l')-C(3')-N(4') 116.60(14) 
C(I 3)-N(I 4)-Ti 122.02(11) N(I l')-C(3')-C(2) 123.62(15) 
C(I 5)-N(I 4)-Ti 134.63(11) N(4')-C(3')-C(2') 119.70(14) 
C(I 6)-C(I 5)-N(I 4) 131.36(16) C(3)-N(4')-C(5') 102.74(13) 
C(I 6)-C(I 5)-C(20) 121.39(16) C(3')-N(4')-Ti' 122.22(11) 
N(I 4)-C(I 5)-C(20) 107.23(15) C(5')-N(4')-Ti' 134.32(11) 
C(I 5)-C(I 6)-C(I 7) 117.32(17) C(6')-C(5')-C(I 0) 120.58(15) 
C(I 6)-C(I 7)-C(I 8) 121.63(18) C(6')-C(5')-N(4') 131.65(15) 
C(I 9)-C(I 8)-C(I 7) 121.23(18) C(I O')-C(5')-N(4') 107.73(14) 
C(I 8)-C(l 9)-C(20) 118.17(17) C(7')-C(6')-C(5) 117.25(16) 
C(I 9)-C(20)-N(2 1) 130.87(16) C(8')-C(7')-C(6') 121.72(17) 
C(I 9)-C(20)-C(I 5) 120.23(17) C(9')-C(8')-C(7') 121.36(16) 
N(2 1)-C(20)-C(I 5) 108.88(15) C(23')-C(22')-C(27') 118.87(17) 
C(I 3)-N(2 1)-C(20) 103.76(14) C(23')-C(22')-N(1') 121.07(15) 
C(27)-C(22)-C(23) 118.26(17) C(27')-C(22')-N(1') 120.0l(17) 
C(27)-C(22)-N(I) 122.48(16) C(22')-C(23')-C(24) 120.37(18) 
C(23)-C(22)-N(I) 119.20(16) C(25')-C(24')-C(23') 120.5(2) 
C(8')-C(91)-C(10') 117.52(16) C(26)-C(25')-C(24') 119.2(2) 
C(9')-C(I O')-N(I l') 129.3l(15) C(25')-C(26')-C(27') 121.5(2) 
C(91)-C(I O')-C(5') 121.53(16) C(26')-C(27')-C(22') 119.5(2) 
N(I 1 1)-C(I O')-C(5') 109.16(14) C(3 l')-N(3 O')-C(3 2') 112.75(13) 
C(T)-N(I l')-C(I 0) 103.76(13) C(3 l')-N(30')-Ti' 132.46(12) 
C(I 3')-C(I 2')-N(1') 111.07(14) C(32')-N(30')-Ti' 114.75(10) 
N(2 1 1)-C(I T)-N(I 4') 116.86(16) C(4 l')-N(40')-C(42') 112.04(16) 
N(2 l')-C(I 3')-C(I T) 124.5l(16) C(4 l')-N(40')-Ti' 123.2l(13) 
N(I 4')-C(I 3)-C(I 2) 118.17(15) C(42')-N(40')-Ti' 124.65(13) 
C(I T)-N(I 4')-C(I 5') 102.76(13) Cl(2)-C(50)-Cl(1) 99.7(4) 
C(I T)-N(I 4')-Ti' 122.64(11) CI(1')-C(50')-Cl(2') 107.8(6) 
C(I 5')-N(I 4')-Ti' 134.05(11) fl) Cl(1 ")-C(50")-Cl(2 113.4(7) 
C(I 6')-C(I 5')-N(I 4') 131.40(15) Cl(1 *)-C(50*)-Cl(2*) 103.7(9) 
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A. 1.8 Crystal data and structure refinement for 12. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
e range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4cy(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4(7(F)] 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
12 
C28H33N7Ti. 0.75C7H8 
584.61 
173(2) K 
OD Xcalibur 3,0.71073 A 
Triclinic, P-1 
a= 12.2742(18) A a= 104.3 0 8(l 0)' 
b= 12.2800(15) A0= 95.063 (11)' 
c= 22.203(3) Ay= 103.934(12)' 
3108.2(7) A3,4 
1.249 Mg/m3 
0.309 mm-1 
1238 
Orange platy needles 
0.43 x 0.15 x 0.05 mm3 
3.74 to 31.99' 
-18<=h<=173 -17<=k<=17ý -32<=I<=32 
45078 / 19396 [R(int) = 0.0316] 
12658 
Semi-empirical from equivalents 
1.01504 and 0.98358 
Full-matrix least-squares on F2 
19396 / 99 / 766 
0.967 
RI = 0.0405, wR2 = 0.0992 
RI = 0.0732, wR2 = 0.1063 
0.593, -0.471 eA-3 
0.000 and 0.002 
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C(25) 
3) 
C19) 
C(41) 
Table 9- Bond lengths [A] and angles ['] for 12. 
Ti-N(40) 1.8688(12) Ti'-N(40') 1.8594(13) 
Ti-N(3 0) 1.8853(12) Ti'-N(3 0') 1.8879(13) 
Ti-N(4) 2.0412(11) Ti'-N(I 4') 2.0336(11) 
Ti-N(14) 2.0546(12) Ti'-N(41) 2.0457(11) 
Ti-N(I) 2.4486(11) Til-N(P) 2.4441(12) 
N(l)-C(22) 1.4736(17) N(I')-C(22') 1.4725(17) 
N(l)-C(2) 1.4925(17) N(I')-C(2) 1.5006(16) 
N(l)-C(I 2) 1.4950(16) N(I')-C(12') 1.5019(17) 
C(2)-C(3) 1.4873(19) C(2')-C(3') 1.4876(19) 
C(3)-N(I 1) 1.3093(17) C(3')-N(I F) 1.3154(17) 
C(3)-N(4) 1.3671(17) C(3')-N(4') 1.3697(18) 
N(4)-C(5) 1.3909(17) N(4')-C(5') 1.3881(17) 
C(5)-C(6) 1.389(2) C(5)-C(6') 1.390(2) 
C(5)-C(I 0) 1.406(2) C(5')-C(I 0') 1.405(2) 
C(6)-C(7) 1.385(2) C(6')-C(7') 1.382(2) 
C(7)-C(8) 1.388(2) C(7')-C(8') 1.396(2) 
C(8)-C(9) 1.376(3) C(8l)-C(9') 1.370(2) 
C(9)-C(l 0) 1.392(2) C(9')-C(l 0') 1.397(2) 
C(I 0)-N(I 1) 1.3961(19) C(I 0')-N(I F) 1.3891(19) 
C(I 2)-C(I 3) 1.4865(18) C(I 2')-C(I Y) 1.4899(19) 
C(I 3)-N(2 1) 1.3107(17) C(I 3')-N(2 F) 1.3146(17) 
C(I 3)-N(I 4) 1.3706(17) C(I 3')-N(I 4') 1.3698(18) 
N(I 4)-C(I 5) 1.3900(17) N(I 4')-C(I 5') 1.3916(16) 
C(I 5)-C(I 6) 1.394(2) C(I 5')-C(I 6') 1.395(2) 
C(I 5)-C(20) 1.403(2) C(I 5')-C(20') 1.402(2) 
C(I 6)-C(I 7) 1.385(2) C(I 6')-C(I T) 1.384(2) 
C(I 7)-C(I 8) 1.385(3) C(I 7')-C(I 8') 1.386(2) 
C(I 8)-C(I 9) 1.378(2) C(I 8')-C(I 9') 1.377(3) 
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C(I 9)-C(20) 1.3945(19) CO 9')-C(20') 1.398(2) 
C(20)-N(2 1) 1.3912(18) C(20')-N(2 F) 1.390(2) 
C(22)-C(23) 1.4014(19) C(22')-C(23') 1.4003(19) 
C(22)-C(27) 1.4108(19) C(22)-C(27') 1.4140(19) 
C(23)-C(24) 1.394(2) C(23')-C(24') 1.387(2) 
C(23)-C(28) 1.490(2) C(23)-C(28) 1.499(2) 
C(24)-C(25) 1.373(3) C(24')-C(25') 1.371(2) 
C(25)-C(26) 1.365(3) C(25')-C(26') 1.371(2) 
C(26)-C(27) 1.386(2) C(26')-C(27') 1.393(2) 
C(27)-C(29) 1.512(2) C(27')-C(29') 1.506(2) 
N(3 0)-C(3 1) 1.452(2) N(3 0')-C(3 F) 1.450(2) 
N(30)-C(32) 1.465(2) N(30')-C(32') 1.461(2) 
N(40)-C(4 1) 1.4567(19) N(40')-C(42') 1.463(2) 
N(40)-C(42) 1.4668(18) N(40')-C(4 F) 1.4647(19) 
C(3')-N(I l')-C(I 0') 102.94(12) C(3)-N(I 1)-C(l 0) 103.04(12) 
C(I 3')-C(I 2')-N(1') 109.53(11) C(13)-C(I2)-N(I) 109.87(11) 
N(2 l')-C(I T)-N(I 4') 116.38(13) N(2 1)-C(I 3)-N(I 4) 117.06(12) 
N(2 l)-C(I 3')-C(I 2') 124.57(13) N(2 1)-C(I 3)-C(I 2) 124.44(12) 
N(I 4')-C(I 3')-C(I 2') 118.76(12) N(I 4)-C(I 3)-C(I 2) 118.27(12) 
C(I T)-N(I 4)-C(I 5) 103.37(11) C(I 3)-N(I 4)-C(I 5) 103.00(11) 
C(I 3')-N(I 4')-Ti' 115.94(9) C(I 3)-N(I 4)-Ti 117.5l(9) 
C(I 5')-N(I 4')-Ti' 136.86(10) C(I 5)-N(I 4)-Ti 138.56(10) 
N(l4')-C(l5')-C(l6') 131.19(14) N(I 4)-C(I 5)-C(I 6) 131.34(14) 
N(I 4')-C(I 5')-C(20') 107.18(13) N(I 4)-C(I 5)-C(20) 107.19(12) 
C(I 6')-C(I 5)-C(20') 121.64(13) C(I 6)-C(I 5)-C(20) 121.44(13) 
C(I 7')-C(I 6')-C(I 5) 116.90(16) C(I 7)-C(I 6)-C(I 5) 116.78(15) 
C(I 6')-C(I 7')-C(I 8') 121.6l(16) C(I 6)-C(I 7)-C(I 8) 122.05(16) 
C(I 9')-C(I 8)-C(I 7') 121.97(14) C(I 9)-C(I 8)-C(I 7) 121.43(14) 
C(I 8')-C(I 9)-C(20') 117.50(16) C(I 8)-C(I 9)-C(20) 117.78(16) 
N(2 l')-C(20')-C(I 9') 129.92(15) N(2 1)-C(20)-C(I 9) 129.56(14) 
N(2 l)-C(20')-C(I 5') 109.70(12) N(2 1)-C(20)-C(I 5) 109.89(12) 
C(I 9)-C(20')-C(I 5') 120.38(15) C(I 9)-C(20)-C(I 5) 120.5l(14) 
C(I T)-N(2 l')-C(20') 103.36(12) C(I 3)-N(2 1)-C(20) 102.86(12) 
C(23')-C(22')-C(27') 119.66(13) C(23)-C(22)-C(27) 119.95(13) 
C(23')-C(22')-N(1') 120.16(12) C(23)-C(22)-N(I) 119.65(12) 
C(27')-C(22')-N(1') 120.17(12) C(27)-C(22)-N(I) 120.3g(12) 
C(24')-C(23')-C(22') 119.22(13) C(24)-C(23)-C(22) 118.95(15) 
C(24')-C(23')-C(28') 117.58(13) C(24)-C(23)-C(28) 117.58(14) 
C(22')-C(23')-C(28') 123.19(13) C(22)-C(23)-C(28) 123.47(13) 
C(25')-C(24')-C(23') 121.6l(15) C(25)-C(24)-C(23) 120.9l(16) 
C(24')-C(25')-C(26') 119.27(15) C(26)-C(25)-C(24) 119.95(15) 
C(25')-C(26')-C(27') 121.90(14) C(25)-C(26)-C(27) 121.79(16) 
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C(26')-C(27')-C(22') 118.33(13) C(26)-C(27)-C(22) 118.43(15) 
C(26')-C(27')-C(29') 115.52(13) C(26)-C(27)-C(29) 115.23(14) 
C(22')-C(27')-C(29') 126.14(13) C(22)-C(27)-C(29) 126.34(13) 
C(3 l')-N(30')-C(32') 109.52(13) C(3 1)-N(3 0)-C(3 2) 109.14(13) 
C(3 l)-N(30')-Til 126.49(12) C(3 1)-N(30)-Ti 125.79(11) 
C(32')-N(30')-Ti' 123.96(10) C(32)-N(30)-Ti 125.06(11) 
C(42')-N(40')-C(4 l') 109.77(12) C(4 1)-N(40)-C(42) 110.2l(12) 
C(42')-N(40')-Tiý 127.36(10) C(4 1)-N(40)-Ti 128.42(10) 
C(4 l')-N(40')-Ti' 122.53(10) C(42)-N(40)-Ti 121.05(10) 
N(40)-Ti-N(30) 101.82(6) N(40')-Ti'-N(30') 101.76(6) 
N(40)-Ti-N(4) 97.19(5) N(40')-Ti'-N(I 4') 96.2l(5) 
N(30)-Ti-N(4) 101.84(5) N(30')-Ti'-N(l4) 101.86(5) 
N(40)-Ti-N(I4) 98.59(5) N(40')-Til-N(4') 100.13(5) 
N(30)-Ti-N(I4) 101.96(5) N(30')-Ti'-N(41) 101.80(5) 
N(4)-Ti-N(I4) 147.95(5) N(l4')-Ti'-N(41) 147.7l(5) 
N(40)-Ti-N(I) 100.69(5) N(40')-Til-N(1') 99.90(5) 
N(30)-Ti-N(I) 157.48(5) N(30')-Ti-N(II) 158.32(5) 
N(4)-Ti-N(I) 74.85(4) N(l4')-Ti'-N(1') 74.76(4) 
N(14)-Ti-N(I) 74.92(4) N(4')-Ti'-N(1') 75.1l(4) 
C(22)-N(l)-C(2) 109.80(10) C(22)-N(1')-C(2) 110.24(10) 
C(22)-N(l)-C(I2) 110.2l(10) C(22')-N(1')-C(I 2) 109.78(10) 
C(2)-N(l)-C(I2) 113.95(10) C(2')-N(1')-C(l2') 114.00(11) 
C(22)-N(l)-Ti 125.40(8) C(22)-N(1')-Ti' 125.47(8) 
C(2)-N(l)-Ti 97.67(7) C(2')-N(1')-Ti' 98.99(8) 
C(12)-N(l)-Ti 99.29(7) C(l2')-N(1')-Tit 97.85(8) 
C(3)-C(2)-N(I) 109.25(11) C(3')-C(2')-N(1') 109.55(11) 
N(l 1)-C(3)-N(4) 116.8l(13) N(I l')-C(3')-N(4) 116.57(13) 
N(I 1)-C(3)-C(2) 124.83(12) N(I l')-C(3')-C(2') 125.42(13) 
N(4)-C(3)-C(2) 118.23(11) N(4)-C(3')-C(2') 117.8l(12) 
C(3)-N(4)-C(5) 103.58(11) C(3')-N(4')-C(5') 103.56(11) 
C(3)-N(4)-Ti 116.66(9) C(3')-N(4')-Ti' 117.9l(9) 
C(5)-N(4)-Ti 138.70(9) C(5')-N(4)-Ti' 138.12(10) 
C(6)-C(5)-N(4) 132.06(13) N(4')-C(5')-C(6') 131.30(13) 
C(6)-C(5)-C(I 0) 121.13(13) N(4')-C(5')-C(I 0') 106.83(12) 
N(4)-C(5)-C(I 0) 106.8l(12) C(6)-C(5)-C(IO') 121.87(13) 
C(7)-C(6)-C(5) 117.54(15) C(7')-C(6)-C(5') 117.07(15) 
C(6)-C(7)-C(8) 121.2l(15) C(6')-C(7)-C(8') 121.55(16) 
C(9)-C(8)-C(7) 121.8l(15) C(91)-C(8)-C(7') 
121.43(15) 
C(8)-C(9)-C(l 0) 117.75(16) C(8')-C(9')-C(l 0') 
118.30(15) 
c(9)-C(l 0)-N(I 1) 129.7l(15) N(I 1')-C(10')-C(9') 
130.1l(14) 
C(9)-C(I 0)-C(5) 120.53(15) N(l 1 1)-C(I O')-C(5') 
110.09(12) 
N(I 1)-C(I 0)-C(5) 109.76(12) C(91)-C(I O')-C(5') 
119.79(14) 
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A. 1.9 Crystal data and structure refinement for 13. 
Identification code 13 
Empirical fon-nula C2oH24N6STi 
Formula weight 428.41 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54248 A 
Crystal system, space group Monoclinic, P2(l)/c 
Unit cell dimensions a=9.55490(10) A 90' 
b= 15.2921(2) A 92.93 8 O(l 0)0 
c= 14.1004(2) A7= 90' 
Volume5 Z 2057.56(5) A3,4 
Density (calculated) 1.383 Mg/m3 
Absorption coefficient 4.612 mm-I 
F(OOO) 896 
Crystal colour / morphology Yellow blocks 
Crystal size 0.11 x 0.10 x 0.05 mm3 
0 range for data collection 4.27 to 70.97' 
Index ranges -II <=h<= IIý-I 8<=k<= 18, -16<=I<= 17 
Reflns collected / unique 47445 / 3959 [R(int) = 0.0308] 
Reflns observed [F>4(7(F)] 3264 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.81426 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3959/0/257 
Goodness-of-fit on F2 1.052 
Final R indices [F>4a(F)] RI = 0.0261, wR2 = 0.0743 
R indices (all data) RI = 0.0327, wR2 = 0.0771 
Largest diff. peak, hole 0.244, -0.207 eA-3 
Mean and maximum shift/error 0.000 and 0.001 
C(42) 
C(8) 
C(18) 
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Table 10 - Bond lengths [A] and angles ['] for 13. 
Ti-N(40) 1.8526(13) C(9)-C(l 0) 1.399(2) 
Ti-N(30) 1.8836(14) C(I 0)-N(I 1) 1.390(3) 
Ti-N(4) 2.0513(12) C(l 2)-C(I 3) 1.494(2) 
Ti-N(I 4) 2.0807(12) C(I 3)-N(2 1) 1.3131(19) 
Ti-S(I) 2.6277(5) C(I 3)-N(I 4) 1.3715(19) 
S(l)-C(2) 1.8137(16) N(I 4)-C(I 5) 1.3902(18) 
S(l)-C(12) 1.8165(16) C(I 5)-C(I 6) 1.395(2) 
C(2)-C(3) 1.489(2) C(I 5)-C(20) 1.407(2) 
C(3)-N(I 1) 1.312(2) C(I 6)-C(I 7) 1.387(2) 
C(3)-N(4) 1.381(2) C(I 7)-C(I 8) 1.396(3) 
N(4)-C(5) 1.399(2) C(I 8)-C(I 9) 1.375(2) 
C(5)-C(6) 1.389(3) C(19)-C(20) 1.399(2) 
C(5)-C(I 0) 1.401(2) C(20)-N(2 1) 1.393(2) 
C(6)-C(7) 1.381(2) N(3 0)-C(3 1) 1.449(2) 
C(7)-C(8) 1.393(3) N(30)-C(32) 1.455(2) 
C(8)-C(9) 1.373(3) N(40)-C(4 1) 1.449(2) 
N(40)-C(42) 1.4493(19) 
N(40)-Ti-N(30) 102.15(6) N(I 1)-C(l 0)-C(9) 129.70(17) 
N(40)-Ti-N(4) 106.8l(5) N(I 1)-C(I 0)-C(5) 109.78(14) 
N(30)-Ti-N(4) 97.49(5) C(9)-C(I 0)-C(5) 120.52(19) 
N(40)-Ti-N(I4) 112.83(5) C(3)-N(I 1)-C(I 0) 103.65(14) 
N(30)-Ti-N(14) 95.8l(5) C(I3)-C(I2)-S(I) 108.55(10) 
N(4)-Ti-N(I4) 134.17(5) N(2 1)-C(I 3)-N(I 4) 117.18(14) 
N(40)-Ti-S(I) 99.95(4) N(2 1)-C(I 3)-C(I 2) 122.73(14) 
N(30)-Ti-S(I) 157.90(4) N(I 4)-C(I 3)-C(I 2) 120.07(13) 
N(4)-Ti-S(I) 76.50(4) C(I 3)-N(I 4)-C(I 5) 102.69(12) 
N(14)-Ti-S(I) 74.92(3) C(13)-N(I4)-Ti 127.12(10) 
C(2)-S(l)-C(I2) 105.00(8) C(I 5)-N(I 4)-Ti 130.18(10) 
C(2)-S(l)-Ti 99.9l(5) N(I 4)-C(I 5)-C(I 6) 131.4l(14) 
C(12)-S(l)-Ti 98.00(5) N(I 4)-C(I 5)-C(20) 107.68(13) 
C(3)-C(2)-S(I) 110.58(11) C(I 6)-C(I 5)-C(20) 120.89(14) 
N(I 1)-C(3)-N(4) 116.33(16) C(I 7)-C(I 6)-C(I 5) 117.52(16) 
N(I 1)-C(3)-C(2) 122.2g(15) C(I 6)-C(I 7)-C(I 8) 121.49(16) 
N(4)-C(3)-C(2) 121.38(13) C(I 9)-C(I 8)-C(I 7) 121.43(16) 
C(3)-N(4)-C(5) 102.90(13) C(I 8)-C(I 9)-C(20) 117.95(16) 
C(3)-N(4)-Ti 127.96(11) N(2 1)-C(20)-C(I 9) 129.92(15) 
C(5)-N(4)-Ti 128.82(11) N(2 1)-C(20)-C(I 5) 109.38(13) 
C(6)-C(5)-N(4) 131.73(15) C(I 9)-C(20)-C(I 5) 120.70(15) 
C(6)-C(5)-C(I 0) 120.94(16) C(I 3)-N(2 1)-C(20) 103.06(13) 
N(4)-C(5)-C(I 0) 107.33(15) C(3 1)-N(3 0)-C(3 2) 112.74(14) 
C(7)-C(6)-C(5) 117.90(18) C(3 1)-N(30)-Ti 133.62(12) 
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C(6)-C(7)-C(8) 121.2(2) C(32)-N(30)-Ti 113.63(11) 
C(9)-C(8)-C(7) 121.47(18) C(4 1)-N(40)-C(42) 112.86(13) 
C(8)-C(9)-C(l 0) 117.93(18) C(41)-N(40)-Ti 118.97(10) 
C(42)-N(40)-Ti 128.14(11) 
A. 1.10 Crystal data and structure refinement for 14. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4cy(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4cT(F)j 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak, hole 
Mean and maximum shift/error 
14 
C2oH24N6OTi. 0.75C4H80 
466.43 
173(2) K 
OD Xcalibur PX Ultra, 1.54248 A 
Orthorhombic, Iba2 
a= 20.1637(5) A (x = 90' 
b= 24.7129(5) Ap= 900 
c=9.5078(2) A7= 90' 
4737.77(18) A3,8 
1.308 Mg/m3 
3.302 mm-1 
1968 
Dark yellow needles 
0.19 x 0.02 x 0.02 MM3 
2.83 to 52.09' 
-12<=h<=20, -17<=k<=24, -8<=I<=9 
4783 / 2225 [R(int) = 0.0345] 
1613 
Semi-empirical from equivalents 
1.00000 and 0.79919 
Full-matrix least-squares on F2 
2225 / 209 / 321 
0.941 
RI = 0.0361, wR2 = 0.0579 
RI = 0.0444,, wR2 = 0.0780 
RI = 0.0602, wR2 = 0.1198 
RI = 0.0604, wR2 = ý0.0628 
x+ = 0.328(9), x- = 0.672(9) 
Probable polar twin 
0.232, -0.240 eA-3 
0.000 and 0.001 
-278- 
A 
Table II- Bond lengths [A] and angles ['] for 14. 
Ti-N(40) 1.889(4) C(9)-C(10) 1.390(6) 
Ti-N(30) 1.903(4) C(I 0)-N(I 1) 1.404(5) 
Ti-N(I 4) 2.091(4) N(I l)-Ti42 2.393(4) 
Ti-N(4) 2.112(4) C(12)-C(13) 1.480(6) 
Ti-0(1) 2.140(3) C(I 3)-N(2 1) 1.305(5) 
Ti-N(I 1)# 1 2.393(4) C(13)-N(14) 1.395(5) 
0(l)-C(2) 1.428(5) N(14)-C(15) 1.370(6) 
0(l)-C(12) 1.442(4) C(I 5)-C(I 6) 1.402(6) 
C(2)-C(3) 1.500(6) C(I 5)-C(20) 1.417(6) 
C(3)-N(4) 1.332(6) C(I 6)-C(I 7) 1.393(6) 
C(3)-N(I 1) 1.353(6) C(I 7)-C(l 8) 1.399(6) 
N(4)-C(5) 1.391(5) C(I 8)-C(I 9) 1.374(6) 
C(5)-C(I 0) 1.380(6) C(I 9)-C(20) 1.391(6) 
C(5)-C(6) 1.393(6) C(20)-N(21) 1.374(5) 
C(6)-C(7) 1.393(6) N(30)-C(32) 1.451(5) 
C(7)-C(8) 1.380(6) N(30)-C(3 1) 1.469(5) 
C(8)-C(9) 1.369(6) N(40)-C(42) 1.472(5) 
N(40)-C(4 1) 1.476(5) 
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N(40)-Ti-N(30) 98.31(18) C(5)-C(I 0)-C(q) 120.2(5) 
N(40)-Ti-N(I 4) 92.89(15) C(5)-C(I 0)-N(I 1) 109.8(5) 
N(30)-Ti-N(14) 102.86(17) C(9)-C(I 0)-N(I 1) 129.9(5) 
N(40)-Ti-N(4) 87.48(16) C(3)-N(I I)-C(I 0) 101.4(4) 
N(30)-Ti-N(4) 112.10(17) C(3)-N(I I)-Ti#2 130.3(4) 
N(14)-Ti-N(4) 144.62(17) C(I 0)-N(I I)-Ti#2 127.7(4) 
N(40)-Ti-0(1) 95.97(15) 0(l)-C(I 2)-C(I 3) 106.1(4) 
N(30)-Ti-0(1) 165.35(17) N(2 I)-C(I 3)-N(I 4) 116.9(4) 
N(14)-Ti-0(1) 73.07(15) N(2 I)-C(l 3)-C(I 2) 126.0(5) 
N(4)-Ti-0(1) 71.71(15) N(I 4)-C(I 3)-C(I 2) 117.1(5) 
N(40)-Ti-N(I 1)# 1 173.48(17) C(I 5)-N(I 4)-C(I 3) 102.2(4) 
N(3 0)-Ti-N(I 1)# 1 86.28(15) C(I 5)-N(I 4)-Ti 137.2(4) 
N(I 4)-Ti-N(I 1)# 1 90.58(15) C(I 3)-N(I 4)-Ti 120.5(4) 
N(4)-Ti-N(I 1)# 1 86.50(15) N(I 4)-C(I 5)-C(I 6) 131.2(5) 
0(l)-Ti-N(I 1)# 1 79.76(12) N(I 4)-C(I 5)-C(20) 107.9(5) 
C(2)-O(I)-C(12) 113.6(3) C(I 6)-C(I 5)-C(20) 120.9(5) 
C(2)-O(I)-Ti 123.2(3) C(I 7)-C(I 6)-C(I 5) 117.7(5) 
C(12)-O(I)-Ti 123.1(3) C(I 6)-C(I 7)-C(I 8) 120.8(5) 
0(l)-C(2)-C(3) 105.9(4) C(I 9)-C(I 8)-C(I 7) 121.8(5) 
N(4)-C(3)-N(I 1) 117.1(4) C(I 8)-C(I 9)-C(20) 118.6(5) 
N(4)-C(3)-C(2) 116.1(5) N(2 I)-C(20)-C(I 9) 130.1(5) 
N(I I)-C(3)-C(2) 126.8(5) N(2 I)-C(20)-C(I 5) 109.7(5) 
C(3)-N(4)-C(5) 103.5(4) C(I 9)-C(20)-C(I 5) 120.2(5) 
C(3)-N(4)-Ti 122.3(4) C(13)-N(2l)-C(20) 103.3(4) 
C(5)-N(4)-Ti 133.2(4) C(3 2)-N(3 0)-C(3 1) 108.0(4) 
C(I 0)-C(5)-N(4) 108.2(5) C(32)-N(30)-Ti 126.4(4) 
C(I 0)-C(5)-C(6) 121.9(5) C(3 I)-N(3 0)-Ti 125.6(3) 
N(4)-C(5)-C(6) 129.9(5) C(42)-N(40)-C(4 1) 109.5(4) 
C(5)-C(6)-C(7) 117.4(5) C(42)-N(40)-Ti 118.7(3) 
C(8)-C(7)-C(6) 119.7(5) C(4 I)-N(40)-Ti 130.2(3) 
C(9)-C(8)-C(7) 123.0(5) 
C(8)-C(9)-C(I 0) 117.7(5) 
Symmetry transformations used to generate equivalent atoms: 
#I -x+ l, y+O, z+ 1/2 #2 -x+ l , y+O, z- 1/2 
A. 1.11 Crystal data and structure refinement for 15. 
Identification code 15 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
C23H3oN503V 
475.46 
150(2) K -s 
MoKccil 0.71073 
monoclinic, P21/n 
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Unit cell parameters a=9.4522(5) A (X = 90' 
b= 24.2311(13) A= 92.921(2)' 
c= 10.2669(6) A 90' 
Cell volume 2348.4(2) A3 
Z 4 
Calculated density 1.345 g/CM3 
Absorption coefficient ýt 0.456 mm-1 
F(OOO) 1000 
Crystal colour and size orange, 0.3 6x0.26 x 0.12 MM3 
Reflections for cell refinement 9516 (0 range 2.15 to 28.67') 
Data collection method Bruker SMART 1000 CCD diffractometer 
(o rotation with narrow frames 
0 range for data collection 1.68 to 28.99' 
Index ranges h -12 to 12, k -32 to 31,1 -13 to 13 
Completeness to 0= 26.000 100.0% 
Intensity decay 0% 
Reflections collected 20495 
Independent reflections 5678 
(Rint= 0.0233) 
Reflections with F2 >2(y 4551 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.853 and 0.947 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0424,1.2944 
Data / restraints / parameters 5678/0/295 
Final R indices [F 2 >2a] RI = 0.0340, wR2 = 0.0842 
R indices (all data) R1 = 0.0477, wR2 = 0.0932 
Goodness-of-fit on F2 1.031 
Largest and mean shift/su 0.00 1 and 0.000 
Largest diff. peak and hole 0.403 and -0.343 eA 
-3 
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Table 12 - Bond lengths [A] and angles ['] for 15 
V(I)-O(I) 1.5959(11) V(I)-0(3) 1.7886(11) 
V(I)-0(2) 1.8023(11) V(I)-N(l) 2.1005(13) 
V(I)-N(4) 2.1315(13) V(I)-N(3) 2.4401(13) 
N(l)-C(7) 1.344(2) N(l)-C(l) 1.3914(19) 
C(l)-C(2) 1.394(2) C(l)-C(6) 1.407(2) 
C(2)-C(3) 1.386(2) C(3)-C(4) 1.399(3) 
C(4)-C(5) 1.383(3) C(5)-C(6) 1.399(2) 
C(6)-N(2) 1.392(2) N(2)-C(7) 1.333(2) 
C(7)-C(8) 1.494(2) C(8)-N(3) 1.481(2) 
N(3)-C(I 7) 1.4755(19) N(3)-C(9) 1.480(2) 
C(9)-C(l 0) 1.493(2) C(I 0)-N(4) 1.327(2) 
C(I 0)-N(5) 1.344(2) N(4)-C(I 1) 1.3952(19) 
C(I I)-C(I 2) 1.392(2) C(I I)-C(I 6) 1.402(2) 
C(I 2)-C(I 3) 1.386(2) C(I 3)-C(I 4) 1.404(3) 
C(I 4)-C(I 5) 1.379(3) C(I 5)-C(I 6) 1.399(2) 
C(I 6)-N(5) 1.387(2) 0(2)-C(I 8) 1.420(2) 
C(I 8)-C(I 9) 1.507(2) C(19)-C(20) 1.516(3) 
0(3)-C(2 1) 1.4202(19) C(2 I)-C(22) 1.512(2) 
C(22)-C(23) 1.524(3) 
0(l)-V(I)-0(3) 105.55(6) 0(l)-V(I)-0(2) 104.57(6) 
0(3)-V(I)-0(2) 98.96(5) 0(l)-V(I)-N(l) 95.47(5) 
0(3)-V(I)-N(l) 155.42(5) 0(2)-V(I)-N(l) 87.69(5) 
0(l)-V(I)-N(4) 93.71(5) 0(3)-V(I)-N(4) 87.39(5) 
0(2)-V(I)-N(4) 158.10(5) N(l)-V(I)-N(4) 78.53(5) 
0(l)-V(I)-N(3) 165.54(5) 0(3)-V(I)-N(3) 82.44(5) 
0(2)-V(I)-N(3) 85.65(5) N(l)-V(I)-N(3) 74.45(5) 
N(4)-V(I)-N(3) 74.36(5) C(7)-N(l)-C(l) 104.14(13) 
C(7)-N(l)-V(I) 120.47(10) C(l)-N(l)-V(I) 134.42(11) 
N(l)-C(l)-C(2) 131.11(15) N(l)-C(l)-C(6) 107.32(13) 
C(2)-C(l)-C(6) 121.57(14) C(3)-C(2)-C(l) 117.04(16) 
C(2)-C(3)-C(4) 121.82(17) C(5)-C(4)-C(3) 121.29(16) 
C(4)-C(5)-C(6) 117.76(17) N(2)-C(6)-C(5) 130.57(16) 
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N(2)-C(6)-C(l) 
C(7)-N(2)-C(6) 
N(2)-C(7)-C(8) 
N(3)-C(8)-C(7) 
C(I 7)-N(3)-C(8) 
C(I 7)-N(3)-V(I) 
C(8)-N(3)-V(I) 
N(4)-C(10)-N(5) 
N(5)-C(10)-C(9) 
C(I 0)-N(4)-V(I) 
C(I 2)-C(I I)-N(4) 
N(4)-C(I I)-C(I 6) 
C(12)-C(13)-C(14) 
C(I 4)-C(I 5)-C(I 6) 
N(5)-C(I 6)-C(I 1) 
C(I 0)-N(5)-C(I 6) 
0(2)-C(I 8)-C(I 9) 
C(2l)-0(3)-V(I) 
C(2 I)-C(22)-C(23) 
Symmetry operatio 
I -x+ 1, -y+2, -z+ I 
108.92(13) 
103.41(13) 
124.56(14) 
110.43(13) 
109.50(13) 
110.93(10) 
106.50(9) 
113.21(14) 
125.20(14) 
119.39(11) 
130.74(15) 
108.21(13) 
121.47(16) 
116.52(16) 
106.41(13) 
106.61(13) 
110.55(14) 
131.31(10) 
113.78(15) 
ns for equivalent atoms 
Table 13 - Hydrogen bonds for 15 [A and ']. 
D-H ... A d(D-H) 
C(5)-C(6)-C(l) 120.51(16) 
N(2)-C(7)-N(l) 116.21(14) 
N(l)-C(7)-C(8) 119.18(14) 
C(I 7)-N(3)-C(9) 109.79(13) 
C(9)-N(3)-C(8) 112.44(14) 
C(9)-N(3)-V(I) 107.64(9) 
N(3)-C(9)-C(I 0) 110.59(13) 
N(4)-C(I 0)-C(9) 121.53(14) 
C(I 0)-N(4)-C(I 1) 105.54(13) 
C(I I)-N(4)-V(I) 134.64(10) 
C(I 2)-C(I I)-C(I 6) 121.05(14) 
C(I 3)-C(I 2)-C(I 1) 117.18(16) 
C(I 5)-C(I 4)-C(I 3) 121.97(16) 
N(5)-C(I 6)-C(I 5) 131.77(15) 
C(I 5)-C(I 6)-C(I 1) 121.82(15) 
C(I 8)-0(2)-V(I) 125.95(10) 
C(I 8)-C(I 9)-C(20) 113.27(17) 
0(3)-C(2 I)-C(22) 110.74(14) 
d(H ... A) d(D ... A) <(DHA) 
N(5)-H(5) ... N(21) 0.87(2) 1.84(2) 2.7066(19) 
A. 1.12 Crystal data and structure refinement for 16. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
z 
Calculated density 
Absorption coefficient pt 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
171.8(19) 
16 
C29H34N503V 
551.55 
150(2) K 
synchrotron, 0.8462 
monoclinic,, P21/c 
a= 13.73 6(3) A 
b=9.1078(17) A 
c= 22.706(4) A 
2817.6(9) A3 
a= 90' 
p == 97.319(3)0 
7= 900 
4 
1.300 g/CM3 
0.390 mm-' 
1160 
orange, 0.26 x 0.08 x 0.06 mm3 
3225 (0 range 3.73 to 29.661) 
Bruker APEX 11 CCD diffractometer 
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0 range for data collection 
Index ranges 
Completeness to 0= 29-00' 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2 >2cy 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F 2 >2cy] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole 
(o rotation with narrow frames 
3.73 to 32.90' 
h -17 to 17, k -11 to 11,1 -27 to 28 
99.5% 
6% 
19794 
5955 (Ri,, t = 0.0667) 
4016 
semi-empirical from equivalents 
0.905 and 0.977 
Patterson synthesis 
Full-matrix least-squares on F2 
0.0394!, 1.4432 
5955/0/348 
RI 0.0546, wR2 0.1166 
RI 0.0883, wR2 0.1304 
1.022 
0.001 and 0.000 
0.424 and -0.462 eA 
-3 
C(26) 
C(29) 
C(28) 
C(27) 0(3) 
C(13) C(12) (13) 
C 
C 
1 
12) 
1) 
C(17) 
C(16)y (10) 
C(q) 
'00 
5) 
N N(4) 
C(11) 
N(4) (4) 
ý 5) 
COT COT 
C(14) C(16) COO) 
C(9) -ýC5, 
C(15) 
N(5) C(19) 
C(20) 
C C(25) (25) 
00) 
0(2) C(24) 
C(2) 
CO 
C(l) 
c 
04) 
N(l) 
NO 
Cm 
cM 8) 1,7 ,N 
C(8) C(6) 
Cc (5) 
C(23) NO 
HO 
C(22) 
C(21) 
Table 14 - Bond lengths [A] and angles 
[0] for 16. 
V(I)-O(I) 1.5881(18) 
V(I)-0(3) 1.7752(19) 
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V(I)-0(2) 1.797(2) V(I)-N(4) 2.091(2) 
V(I)-N(l) 2,147(2) V(I)-N(3) 2.454(2) 
N(l)-C(7) 1.325(3) N(l)-C(l) 1.391(3) 
C(l)-C(2) 1.389(3) C(l)-C(6) 1.401(3) 
C(2)-C(3) 1.372(4) C(3)-C(4) 1.395(4) 
C(4)-C(5) 1.371(4) C(5)-C(6) 1.387(4) 
C(6)-N(2) 1.386(3) N(2)-C(7) 1.338(3) 
C(7)-C(8) 1.483(3) C(8)-N(3) 1.474(3) 
N(3)-C(9) 1.476(3) N(3)-C(I 7) 1.483(3) 
C(9)-C(l 0) 1.479(4) C(I 0)-N(5) 1.329(3) 
C(I 0)-N(4) 1.352(3) N(4)-C(I 1) 1.382(3) 
C(I I)-C(12) 1.388(4) C(I I)-C(I 6) 1.411(4) 
C(12)-C(13) 1.365(4) C(13)-C(14) 1.398(4) 
C(I 4)-C(I 5) 1.383(4) C(I 5)-C(I 6) 1.384(4) 
C(I 6)-N(5) 1.389(3) C(I 7)-C(I 8) 1.513(4) 
C(I 8)-C(23) 1.379(5) C(I 8)-C(I 9) 1.385(4) 
C(I 9)-C(20) 1.372(4) C(20)-C(2 1) 1.357(4) 
C(2l)-C(22) 1.374(5) C(22)-C(23) 1.370(5) 
0(2)-C(24) 1.411(3) C(24)-C(25) 1.496(4) 
C(25)-C(26) 1.501(4) 0(3)-C(27) 1.426(3) 
C(27)-C(28) 1.477(4) C(28)-C(29) 1.510(4) 
0(l)-V(I)-0(3) 104.48(9) 0(l)-V(I)-0(2) 104.53(9) 
0(3)-V(1)-0(2) 99.05(9) 0(l)-V(I)-N(4) 96.34(9) 
0(3)-V(I)-N(4) 89.45(9) 0(2)-V(I)-N(4) 154.57(8) 
0(l)-V(I)-N(l) 94.45(9) 0(3)-V(I)-N(l) 158.20(8) 
0(2)-V(I)-N(l) 86.30(8) N(4)-V(I)-N(l) 77.64(8) 
0(l)-V(I)-N(3) 167.17(8) 0(3)-V(I)-N(3) 85-17(8) 
0(2)-V(I)-N(3) 81.84(8) N(4)-V(I)-N(3) 75.01(8) 
N(l)-V(I)-N(3) 74.62(7) C(7)-N(l)-C(l) 105.7(2) 
C(7)-N(l)-V(I) 117.82(17) C(l)-N(l)-V(I) 135.43(16) 
C(2)-C(l)-N(l) 131.1(2) C(2)-C(l)-C(6) 120.5(2) 
N(l)-C(l)-C(6) 108.4(2) ýC(3)-C(2)-C(l) 116.9(2) 
C(2)-C(3)-C(4) 122.6(3) C(5)-C(4)-C(3) 120.9(3) 
C(4)-C(5)-C(6) 117.2(2) N(2)-C(6)-C(5) 132.3(2) 
N(2)-C(6)-C(l) 105.9(2) C(5)-C(6)-C(l) 121.8(2) 
C(7)-N(2)-C(6) 107.1(2) N(l)-C(7)-N(2) 112.9(2) 
N(l)-C(7)-C(8) 121.9(2) N(2)-C(7)-C(8) 125.2(2) 
N(3)-C(8)-C(7) 110.9(2) C(8)-N(3)-C(9) 112.9(2) 
C(8)-N(3)-C(I 7) 110.3(2) C(9)-N(3)-C(I 7) 110.8(2) 
C(8)-N(3)-V(I) 105.85(14) C(9)-N(3)-V(I) 105.76(15) 
C(I 7)-N(3)-V(I) 111.13(15) N(3)-C(9)-C(I 0) 111.3(2) 
N(5)-C(I 0)-N(4) 115.6(2) N(5)-C(I 0)-C(9) 124.4(2) 
N(4)-C(I 0)-C(9) 119.9(2) C(I 0)-N(4)-C(I 1) 104.4(2) 
C(I 0)-N(4)-V(I) 119.61(18) C(I I)-N(4)-V(I) 134.76(16) 
N(4)-C(I I)-C(12) 131.8(3) N(4)-C(I I)-C(I 6) 107.4(2) 
C(I 2)-C(I I)-C(I 6) 120.8(3) C(I 3)-C(I 2)-C(I 1) 117.9(3) 
C(I 2)-C(I 3)-C(I 4) 121.8(3) C(I 5)-C(I 4)-C(I 3) 120.9(3) 
C(I 4)-C(I 5)-C(I 6) 117.9(3) C(I 5)-C(I 6)-N(5) 130.6(2) 
C(I 5)-C(I 6)-C(I 1) 120.7(2) N(5)-C(I 6)-C(I 1) 108.7(2) 
C(I 0)-N(5)-C(I 6) 103.9(2) N(3)-C(I 7)-C(I 8) 114.8(2) 
C(23)-C(I 8)-C(I 9) 117.2(3) C(23)-C(I 8)-C(I 7) 120.7(3) 
C(I 9)-C(I 8)-C(I 7) 122.2(3) C(20)-C(I 9)-C(I 8) 121.4(3) 
C(2 I)-C(20)-C(I 9) 120.5(3) C(20)-C(2 I)-C(22) 119.1(3) 
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C(23)-C(22)-C(2 1) 
C(24)-0(2)-V(I) 
C(24)-C(25)-C(26) 
0(3)-C(27)-C(28) 
Symmetry operatio 
1 -x+2, -y, -z 
120.6(4) 
128.85(18) 
112.5(2) 
110.4(3) 
ns for equivalent atoms 
C(22)-C(23)-C(I 8) 
0(2)-C(24)-C(25) 
C(27)-0(3)-V(I) 
C(27)-C(28)-C(29) 
121.2(3) 
109.8(2) 
127.02(19) 
113.5(3) 
Table 15 - Hydrogen bonds for 16 [A and ']. 
D-H 
... 
A d(D-H) d(H... A) d(D A) 
N(2)-H(2) ... N(51) 0.86(3) 1.89(3) 2.724(3) 
A. 1.13 Crystal data and structure rerinement for 18. 
163(3) 
Identification code 18 
Chemical formula C3jH38N503V 
Formula weight 579.60 
Temperature 150(2) K 
Radiation, wavelength MoKcc, 0.71073 A 
Crystal system, space group monoclinic,, P21/c 
Unit cell parameters a= 13.1959(7) A (X = 90' 
b= 10.4184(6) AP= 105.996(2)' 
c= 22.3885(12) AY= 90' 
Cell volume 2958.8(3) A3 
Z 4 
Calculated density 1.30t g/CM3 
Absorption coefficient ýt 0.375 mm-1 
F(OOO) 1224 
Crystal colour and size yellow, 0.24 x 0.16 x 
0.13MM3 
Reflections for cell refinement 4684 (0 range 2.53 to 24.34') 
Data collection method Bruker SMART 1000 CCD diffractometer 
o) rotation with narrow frames 
0 range for data collection 1.61 to 25.00' 
Index ranges h -15 to 15, k -12 to 12,1 -23 to 26 
Completeness to 0= 25.00' 99.4% 
Intensity decay 0% 
Reflections collected 18558 
Independent reflections 5185 (Ri,, t = 0.0387) 
Reflections with F2 >2cy 3412 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.915 and 0.953 
Structure solution direct methods 
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Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F 2 >2cy] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole 
Full-matrix least-squares on F2 
0.0365,3.1908 
5185/7/372 
RI = 0.0445, wR2 = 0.0963 
RI = 0.08255 WR2 = 0.1189 
1.047 
0.000 and 0.000 
0.593 and -0.377 eA 
-3 
C(24) 
C(31) 
C(30) 
C(28) 
C(27) 
C(29) 
C(16) 
C(15) 
C(14) 
C(13) 
Table 16 - Bond lengths [A] and angles ['] for 18. 
C(3) 
V(0-00) 1.589(2) V(I)-0(3) 1.789(2) 
V(I)-0(2) 1.791(2) V(I)-N(l) 2.095(3) 
V(I)-N(4) 2.155(3) V(I)-N(3) 2.474(2) 
N(l)-C(7) 1.349(4) N(l)-C(l) 1.383(4) 
C(l)-C(2) 1.395(4) C(l)-C(6) 1.404(4) 
C(2)-C(3) 1.376(4) C(3)-C(4) 1.406(5) 
C(4)-C(5) 1.381(4) C(5)-C(6) 1.396(4) 
-287- 
Appendices 
C(6)-N(2) 1.401(4) C(7)-N(2) 1.332(4) 
C(7)-C(8) 1.497(4) C(8)-N(3) 1.480(4) 
N(3)-C(I 7) 1.479(4) N(3)-C(9) 1.482(4) 
C(9)-C(l 0) 1.488(4) C(I 0)-N(4) 1.320(4) 
C(I 0)-N(5) 1.341(4) N(4)-C(I 1) 1.395(4) 
C(I l)-C(I 2) 1.396(4) C(I I)-C(I 6) 1.396(4) 
C(I 2)-C(I 3) 1.380(5) C(13)-C(14) 1.387(5) 
C(I 4)-C(I 5) 1.382(5) C(I 5)-C(I 6) 1.393(5) 
C(l 6)-N(5) 1.386(4) C(I 7)-C(I 8) 1.526(4) 
C(I 8)-C(I 9) 1.523(4) C(19)-C(20) 1.508(4) 
C(20)-C(21) 1.381(4) C(20)-C(25) 1.385(4) 
C(2 I)-C(22) 1.388(5) C(22)-C(23) 1.373(6) 
C(23)-C(24) 1.354(6) C(24)-C(25) 1.386(5) 
0(2)-C(26) 1.447(5) C(26)-C(27) 1.452(6) 
C(27)-C(28X) 1.519(11) C(27)-C(28) 1.577(7) 
0(3)-C(29) 1.420(4) C(29)-C(30) 1.492(4) 
C(3 0)-C(3 1) 1.521(5) 
0(l)-V(I)-0(3) 104.08(11) 0(l)-V(I)-0(2) 104.49(12) 
0(3)-V(I)-0(2) 99.85(11) 0(l)-V(I)-N(l) 95.71(11) 
0(3)-V(I)-N(l) 156.48(10) 0(2)-V(I)-N(l) 87-13(10) 
0(l)-V(I)-N(4) 94-18(11) 0(3)-V(I)-N(4) 87.44(10) 
0(2)-V(I)-N(4) 157.47(10) N(l)-V(I)-N(4) 78.45(10) 
0(l)-V(I)-N(3) 164.79(10) 0(3)-V(I)-N(3) 85.48(9) 
0(2)-V(1)-N(3) 85.11(9) N(l)-V(I)-N(3) 72.68(9) 
N(4)-V(I)-N(3) 74-17(8) C(7)-N(l)-C(l) 104.5(2) 
C(7)-N(l)-V(I) 120.7(2) C(l)-N(l)-V(I) 134.40(19) 
N(l)-C(l)-C(2) 131.4(3) N(l)-C(l)-C(6) 107.4(3) 
C(2)-C(l)-C(6) 121.2(3) C(3)-C(2)-C(l) 117.5(3) 
C(2)-C(3)-C(4) 121.5(3) C(5)-C(4)-C(3) 121.4(3) 
C(4)-C(5)-C(6) 117.5(3) C(5)-C(6)-N(2) 130.1(3) 
C(5)-C(6)-C(l) 120.9(3) N(2)-C(6)-C(l) 109.1(3) 
N(2)-C(7)-N(l) 116.1(3) N(2)-C(7)-C(8) 125.8(3) 
N(l)-C(7)-C(8) 118.2(3) N(3)-C(8)-C(7) 108.1(2) 
C(I 7)-N(3)-C(8) 112.3(2) C(I 7)-N(3)-C(9) 110.9(2) 
C(8)-N(3)-C(9) 111.2(2) C(I 7)-N(3)-V(I) 109.29(17) 
C(8)-N(3)-V(I) 103.57(17) C(9)-N(3)-V(I) 109.28(17) 
C(7)-N(2)-C(6) 103.0(2) N(3)-C(9)-C(I 0) 111.4(2) 
N(4)-C(I 0)-N(5) 113.3(3) N(4)-C(I 0)-C(9) 123.4(3) 
N(5)-C(10)-C(9) 123.2(3) C(I 0)-N(4)-C(I 1) 105.4(2) 
C(I 0)-N(4)-V(I) 119.0(2) C(I l)-N(4)-V(I) 134.09(19) 
N(4)-C(I I)-C(I 2) 130.9(3) N(4)-C(I I)-C(I 6) 108.5(2) 
C(I 2)-C(I I)-C(I 6) 120.6(3) C(I 3)-C(I 2)-C(I 1) 117.0(3) 
C(I 2)-C(I 3)-C(I 4) 122.3(3) C(I 5)-C(I 4)-C(I 3) 121.3(4) 
C(I 4)-C(I 5)-C(I 6) 117.0(3) N(5)-C(I 6)-C(I 5) 132.1(3) 
N(5)-C(I 6)-C(I 1) 106.1(3) C(I 5)-C(I 6)-C(I 1) 121.8(3) 
C(I 0)-N(5)-C(I 6) 106.8(2) N(3)-C(I 7)-C(I 8) 116.8(2) 
c(i 9)-C(i 8)-C(I 7) 111.0(3) C(20)-C(I 9)-C(I 8) 115.7(3) 
C(2 I)-C(20)-C(25) 118.3(3) C(2l)-C(20)-C(19) 121.4(3) 
C(25)-C(20)-C(19) 120.3(3) C(20)-C(2 I)-C(22) 120.7(3) 
C(23)-C(22)-C(2 1) 119.6(4) llý C(24)-C(23)-C -Zi 
120.5(4) 
C(23)-C(24)-C(25) 120.1(4) C(20)-C(25)-C(I)li) 
120.7(4) 
C(26)-0(2)-V(I) 127.4(3) 0(2)-C(26)-C(27) 
112.9(4) 
C(26)-C(27)-C(28X) 97.0(7) C(26)-C(27)-C(28) 
113.5(4) 
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C(29)-0(3)-V(I) 130.2(2) 0(3)-C(29)-C(30) 110.4(3) 
C(29)-C(30)-C(3 1) 112.9(3) 
Symmetry operations for equivalent atoms 
I -x+ 1, -y, -z+ I 
Table 17 - Hydrogen bonds for 18 [A and ']. 
D-H ... A d(D-H) d(H ... A) d(D ... A) <(DHA) 
N(5)-H(5A) ... N(2') 0.88 1.95 2.753(3) 
A. 1.14 Crystal data and structure refinement for 19. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation,, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
z 
Calculated density 
Absorption coefficient Vt 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
0 range for data collection 
Index ranges 
Completeness to 0= 26.00' 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2 >2cy 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
19 
C25H34N503V 
503.51 
150(2) K 
MoKcc 0.71073 
monoclinic, P2, /c 
a=9.3956(5) A 
b= 15.5396(9) A 
c= 17.995 8(10) Ä 
2612.9(3) Ä3 
4 
1.280 g/CM3 
0.414 mm-' 
1064 
151.3 
oc = 90' 
p= 96.035(2)0 
y= 900 
orange, 0.22 x 0.16 x 0.12 mm 3 
6029 (0 range 2.27 to 28.1 l') 
Bruker SMART 1000 CCD diffractometer 
(o rotation with narrow frames 
1.74 to 29.18' 
h -12 to 12, k -21 to 20,1 -24 to 23 
100.0% 
0% 
23125 
6410 (Rint = 0.0377) 
4205 
semi-empirical from equivalents 
0.914 and 0.952 
direct methods 
Full-matrix least-squares on F 
0.0501,3.1878 
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Data / restraints / parameters 
Final R indices [F 2 >2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole 
C(19) 
C(18) 
C(22) 
0 C(17) 
C(21) r-0000 
6410 / 23 / 311 
RI = 0.0504, wR2 = 0.1142 
RI = 0.0909, wR2 = 0.1387 
1.008 
0.000 and 0.000 
0.901 and -0.528 e 
A-3 
ANO 0(3) 0(2) 
C(9) 
C(20) 
vo) 
COO) 
N(5) N(4) N(l) 
0(i) 
C(8) 
CM 
C(24) 
ift% 
ýC D(25 
ra 0 
C(23) 
DH(2A) 
NO 
C(16) C(11) CM 
ýýC(6) 
C(15)(l 
ý)C(12) C(2) Q-ý ý) C(5) 
\, ý7--, ' C(3ý C(4) C(14) C(13) 
Table 18 - Bond lengths [A] and angles ['] for 19. 
V(I)-O(I) 1.594(2) V(I)-0(2) 1.7795(18) 
V(I)-0(3) 1.7993(19) V(I)-N(4) 2.105(2) 
V(I)-N(l) 2.129(2) N(l)-C(7) 1.325(3) 
N(l)-C(l) 1.398(3) C(l)-C(2) 1.394(4) 
C(l)-C(6) 1.404(3) C(2)-C(3) 1.379(4) 
C(3)-C(4) 1.400(4) C(4)-C(5) 1.380(4) 
C(5)-C(6) 1.390(4) C(6)-N(2) 1.384(3) 
N(2)-C(7) 1.343(3) C(7)-C(8) 1.488(4) 
C(8)-N(3) 1.481(3) N(3)-C(9) 1.476(3) 
N(3)-C(I 7) 1.515(3) C(9)-C(l 0) 1.496(4) 
C(I 0)-N(5) 1.334(3) C(I 0)-N(4) 1.340(3) 
N(4)-C(I 1) 1.392(3) C(I I)-C(12) 1.392(4) 
C(I I)-C(16) 1.414(4) C(I 2)-C(I 3) 1.385(4) 
C(I 3)-C(I 4) 1.398(4) C(I 4)-C(I 5) 1.385(4) 
C(I 5)-C(I 6) 1.391(4) C(I 6)-N(5) 1.388(3) 
C(I 7)-C(I 9) 1.520(4) C(I 7)-C(l 8) 1.527(4) 
0(2)-C(20) 1.405(3) C(20)-C(2 1) 1.472(5) 
C(2l)-C(22) 1.485(8) 0(3)-C(23) 1.449(3) 
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C(23)-C(24) 1.478(4) C(24)-C(25) 1.522(4) 
0(l)-V(I)-0(2) 102.67(9) 
0(2)-V(I)-0(3) 101.57(9) 
0(2)-V(I)-N(4) 87.74(8) 
0(l)-V(I)-N(l) 93.28(9) 
0(3)-V(I)-N(l) 86.26(9) 
C(7)-N(l)-C(l) 105.4(2) 
C(l)-N(l)-V(I) 133.94(17) 
C(2)-C(l)-C(6) 120.8(2) 
C(3)-C(2)-C(l) 117.1(3) 
C(5)-C(4)-C(3) 121.5(3) 
N(2)-C(6)-C(5) 131.5(2) 
C(5)-C(6)-C(l) 121.7(2) 
N(l)-C(7)-N(2) 113.6(2) 
N(2)-C(7)-C(8) 123.2(2) 
C(9)-N(3)-C(8) 110.9(2) 
C(8)-N(3)-C(I 7) 107.3(2) 
N(5)-C(I 0)-N(4) 115.5(2) 
N(4)-C(I 0)-C(9) 120.8(2) 
C(I 0)-N(4)-V(I) 120.37(17) 
C(I 2)-C(I I)-N(4) 131.5(2) 
N(4)-C(I I)-C(I 6) 107.3(2) 
C(I 2)-C(I 3)-C(I 4) 121.6(3) 
C(I 4)-C(I 5)-C(I 6) 117.9(3) 
N(5)-C(I 6)-C(I 1) 108.1(2) 
C(I 0)-N(5)-C(I 6) 104.4(2) 
N(3)-C(I 7)-C(I 8) 113.2(2) 
C(20)-0(2)-V(l) 129.61(19) 
C(20)-C(2 I)-C(22) 111.5(4) 
0(3)-C(23)-C(24) 110.2(3) 
Symmetry operations for equivalent atoms 
I -X, -Y, -Z 
0(l)-V(1)-0(3) 
0(l)-V(I)-N(4) 
0(3)-V(I)-N(4) 
0(2)-V(I)-N(l) 
N(4)-V(I)-N(l) 
C(7)-N(l)-V(I) 
C(2)-C(l)-N(l) 
N(l)-C(l)-C(6) 
C(2)-C(3)-C(4) 
C(4)-C(5)-C(6) 
N(2)-C(6)-C(l) 
C(7)-N(2)-C(6) 
N(l)-C(7)-C(8) 
N(3)-C(8)-C(7) 
C(9)-N(3)-C(17) 
N(3)-C(9)-C(10) 
N(5)-C(10)-C(9) 
C(I 0)-N(4)-C(I 1) 
C(I I)-N(4)-V(I) 
C(I 2)-C(I I)-C(I 6) 
C(I 3)-C(I 2)-C(I 1) 
C(I 5)-C(I 4)-C(I 3) 
N(5)-C(16)-C(15) 
C(I 5)-C(I 6)-C(I 1) 
N(3)-C(17)-C(19) 
C(I 9)-C(I 7)-C(I 8) 
0(2)-C(20)-C(21) 
C(23)-0(3)-V(I) 
C(23)-C(24)-C(25) 
103.79(10) 
96.98(9) 
154.60(9) 
159.84(9) 
78.03(8) 
120.41(17) 
131.3(2) 
107.9(2) 
121.9(3) 
117.0(3) 
106.8(2) 
106.3(2) 
123.0(2) 
112.7(2) 
112.2(2) 
111.0(2) 
123.7(2) 
104.6(2) 
132.74(17) 
121.2(2) 
117.4(3) 
121.3(3) 
131.3(3) 
120.6(3) 
113.6(2) 
109.9(2) 
110.3(3) 
124.46(19) 
110.7(3) 
Table 19 - Hydrogen bonds for 19 [A and ']. 
D-H ... A 
d(D-H) d(H ... A) 
d(D A) <(DHA) 
N(2)-H(2A) ... N(5') 0.88 
1.85 2.713(3) 
A. 1.15 Crystal data and structure refinement for 23. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
23 
C4oH55Cl3N504V 
827.18 
150(2) K 
MoKoc, 0.71073 A 
monoclinic, P21/c 
a= 12.422(2) A 
b= 16.150(3) A 
165.4 
cc = 90' 
p= 105.616(3)0 
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c= 21.418(4) A7= 90' 
Cell volume 413 8.3 (12) A3 
Z 4 
Calculated density 1.328 g/CM3 
Absorption coefficient ýt 0.479 mm-1 
F(OOO) 1744 
Crystal colour and size yellow, 0.58 x 0.35 X 0.10 MM3 
Reflections for cell refinement 9958 (0 range 2.23 to 28.66') 
Data collection method Bruker SMART 1000 CCD diffractometer 
(o rotation with narrow frames 
0 range for data collection 1.60 to 27.50' 
Index ranges h -16 to 15, k -20 to 20,1 -27 to 27 
Completeness to 0= 26-00' 99.7% 
intensity decay 0% 
Reflections collected 34094 
Independent reflections 9389 (Rint =0.0733) 
Reflections with F2 >2cy 6379 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.769 and 0.954 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.1341,3.6593 
Data / restraints / parameters 9389 / 186 / 480 
Final R indices [F 2 >2cy] RI = 0.0741, wR2 = 0.1944 
R indices (all data) RI = 0.1108,, wR2 = 0.2301 
Goodness-of-fit on F2 1.078 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 1.442 and -0.961 eA 
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C(30) 
C(31) 
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C(33) 
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C(14) 
C(24) C(24) 
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Table 20 - Bond lengths [A] and angles ['] for 23. 
V(I)-O(I) 2.140(3) V(I)-N(l) 2.173(3) 
V(I)-N(4) 2.173(3) V(I)-CI(2) 2.3158(11) 
V(l)-CI(I) 2.3274(11) V(I)-CI(3) 2.3773(11) 
N(l)-C(7) 1.328(5) N(l)-C(I) 1.417(5) 
C(l)-C(6) 1.391(6) C(l)-C(2) 1.397(6) 
C(2)-C(3) 1.391(6) C(3)-C(4) 1.399(7) 
C(4)-C(5A) 1.373(7) C(5A)-C(6) 1.401(6) 
C(6)-N(2) 1.376(5) N(2)-C(7) 1.348(5) 
C(7)-C(8) 1.499(5) C(8)-N(3) 1.474(5) 
N(3)-C(I 7) 1.438(5) N(3)-C(9) 1.467(5) 
C(9)-C(I 6) 1.489(5) N(4)-C(I 6) 1.329(5) 
N(4)-C(I 0) 1.408(5) C(I 0)-C(I 5) 1.395(5) 
C(I 0)-C(I 1) 1.397(6) C(I I)-C(I 2) 1.379(6) 
C(I 2)-C(I 3) 1.405(6) C(I 3)-C(I 4) 1.380(7) 
C(14)-C(15) 1.391(6) C(15)-N(5) 1.386(5) 
N(5)-C(I 6) 1.348(5) C(I 7)-C(I 8) 1.402(5) 
C(I 7)-C(22) 1.409(5) C(I 8)-C(I 9) 1.396(6) 
C(I 8)-C(23) 1.510(6) C(19)-C(20) 1.383(7) 
C(20)-C(21) 1.380(7) C(2 I)-C(22) 1.385(6) 
C(22)-C(24) 1.506(6) 0(l)-C(25) 1.459(5) 
0(l)-C(28) 1.460(5) C(25)-C(26) 1.510(7) 
C(26)-C(27) 1.508(7) C(27)-C(28) 1.510(6) 
0(2)-C(32) 1.408(7) 0(2)-C(29) 1.410(7) 
C(29)-C(30) 1.470(8) C(3 0)-C(3 1) 1.505(11) 
C(3 I)-C(32) 1.494(8) 0(3)-C(33) 1.402(7) 
0(3)-C(36) 1.440(7) C(33)-C(34) 1.529(9) 
C(34)-C(35) 1.472(10) C(3 5)-C(3 6) 1.455(9) 
0(4)-C(3 7) 1.461(9) 0(4)-C(40) 1.473(10) 
C(3 7)-C(3 8) 1.430(10) C(3 8)-C(3 9) 1.400(10) 
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C(39)-C(40) 1.475(11) 
0(l)-V(I)-N(l) 175.02(12) 
N(l)-V(I)-N(4) 97.69(12) 
N(l)-V(I)-CI(2) 87.74(9) 
0(i)-V(I)-Cl(l) 85.96(8) 
N(4)-V(I)-CI(l) 168.94(9) 
0(l)-V(I)-CI(3) 92-09(8) 
N(4)-V(I)-CI(3) 83.79(9) 
CI(l)-V(I)-CI(3) 88.40(4) 
C(7)-N(l)-V(I) 128.4(3) 
C(6)-C(l)-C(2) 120.2(4) 
C(2)-C(l)-N(l) 131.4(4) 
C(2)-C(3)-C(4) 121.9(4) 
C(4)-C(5A)-C(6) 116.8(4) 
N(2)-C(6)-C(5A) 130.8(4) 
C(7)-N(2)-C(6) 107.3(3) 
N(l)-C(7)-C(8) 125.6(3) 
N(3)-C(8)-C(7) 110.8(3) 
C(I 7)-N(3)-C(8) 117.7(3) 
N(3)-C(9)-C(I 6) 106.8(3) 
C(I 6)-N(4)-V(I) 128.4(3) 
C(I 5)-C(I 0)-C(I 1) 118.9(4) 
C(I I)-C(I 0)-N(4) 132.2(3) 
C(I I)-C(I 2)-C(I 3) 122.0(4) 
C(I 3)-C(I 4)-C(I 5) 116.2(4) 
N(5)-C(I 5)-C(I 0) 105.5(3) 
C(I 6)-N(5)-C(I 5) 108.0(3) 
N(4)-C(I 6)-C(9) 125.9(3) 
C(I 8)-C(I 7)-C(22) 120.9(4) 
C(22)-C(I 7)-N(3) 116.1(3) 
C(I 9)-C(I 8)-C(23) 118.6(4) 
C(20)-C(I 9)-C(I 8) 121.2(4) 
C(20)-C(2 I)-C(22) 120.8(4) 
C(2 I)-C(22)-C(24) 120.0(4) 
C(25)-O(I)-C(28) 109.1(3) 
C(28)-O(I)-V(I) 123.8(2) 
C(27)-C(26)-C(25) 105.7(4) 
0(l)-C(28)-C(27) 104.7(4) 
0(2)-C(29)-C(30) 105.3(5) 
C(32)-C(3 I)-C(30) 103.0(5) 
C(33)-0(3)-C(36) 111.5(5) 
C(35)-C(34)-C(33) 103.5(6) 
0(3)-C(36)-C(35) 106.0(6) 
C(3 8)-C(3 7)-0(4) 109.4(7) 
C(38)-C(39)-C(40) 105.0(8) 
Symmetry operations for equivalent atoms 
1 -x+ I, y- 1/2, -z+ 1/2 
Table 21 - Hydrogen bonds for 23 [A and ']. 
D-H ... A 
d(D-H) 
N(2)-H(2) ... 0(3) 
0.88 
0(l)-V(I)-N(4) 
0(l)-V(I)-CI(2) 
N(4)-V(I)-CI(2) 
N(l)-V(I)-CI(l) 
CI(2)-V(I)-CI(l) 
N(l)-V(I)-CI(3) 
CI(2)-V(I)-CI(3) 
C(7)-N(l)-C(l) 
C(l)-N(l)-V(I) 
C(6)-C(l)-N(l) 
C(3)-C(2)-C(l) 
C(5A)-C(4)-C(3) 
N(2)-C(6)-C(l) 
C(l)-C(6)-C(5A) 
N(l)-C(7)-N(2) 
N(2)-C(7)-C(8) 
C(17)-N(3)-C(9) 
C(9)-N(3)-C(8) 
C(16)-N(4)-C(IO) 
C(10)-N(4)-V(I) 
C(15)-C(10)-N(4) 
C(I 2)-C(I I)-C(I 0) 
C(14)-C(13)-C(12) 
N(5)-C(15)-C(14) 
C(14)-C(15)-C(IO) 
N(4)-C(16)-N(5) 
N(5)-C(16)-C(9) 
C(I 8)-C(I 7)-N(3) 
C(I 9)-C(I 8)-C(I 7) 
C(I 7)-C(I 8)-C(23) 
C(2 I)-C(20)-C(I 9) 
C(2l)-C(22)-C(17) 
C(I 7)-C(22)-C(24) 
C(25)-O(I)-V(I) 
0(l)-C(25)-C(26) 
C(26)-C(27)-C(28) 
C(32)-0(2)-C(29) 
C(29)-C(30)-C(3 1) 
0(2)-C(32)-C(3 1) 
0(3)-C(33)-C(34) 
C(36)-C(35)-C(34) 
C(37)-0(4)-C(40) 
C(3 9)-C(3 8)-C(3 7) 
0(4)-C(40)-C(39) 
86.51(11) 
89.60(8) 
89.91(9) 
90.25(9) 
98.12(4) 
91.03(9) 
173.36(4) 
104.7(3) 
126.4(3) 
108.3(3) 
117.1(4) 
121.3(4) 
106.6(3) 
122.6(4) 
112.9(3) 
120.6(4) 
119.3(3) 
115.9(3) 
105.3(3) 
125.9(2) 
108.9(3) 
118.0(4) 
121.0(4) 
130.6(4) 
123.9(4) 
112.2(3) 
121.2(3) 
122.9(3) 
118.1(4) 
123.3(4) 
120.1(4) 
118.9(4) 
121.1(4) 
126.0(2) 
106.3(4) 
103.4(4) 
109.6(5) 
102.9(5) 
107.2(5) 
104.4(6) 
106.3(7) 
103.3(7) 
108.8(8) 
109.2(7) 
d(H ... A) 
d(D ... 
A) <(DHA) 
1.90 2.763(5) 164.7 
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N(5)-H(5) 
... CI(I') 0.88 2.69 3.368(3) N(5)-H(5) 
... CI(Y) 0.88 2.53 3.290(3) 
A-1-16 Crystal data and structure refinement for 31/311. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Diffractometer, wavelength 
Crystal system, space group 
Unit cell dimensions 
Volume,, Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal colour / morphology 
Crystal size 
0 range for data collection 
Index ranges 
Reflns collected / unique 
Reflns observed [F>4(7(F)] 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [F>4cy(F)] 
R indices (all data) 
Largest diff. peak, hole 
Mean and maximum shift/error 
311311 
[C19 H13 C12 N5 0 VIO-95 
[C19 H13 C13 N5 V10.05 
. 2.5C3H7NO 
632.90 
173(2) K 
OD Xcalibur 3,0.71073 
Monoclinic, P2/c 
a= 13.5127(4) A 
b= 10.7266(3) A 
c= 21.0985(7) A 
2981.10(16) A3,4 
1.410 Mg/m3 
0.560 mm-1 
1310 
Yellow/green prisms 
0.20 x 0.16 x 0.15 mm3 
4.23 to 32.75' 
134.7 
144.5 
90' 
102.887(3)0 
'Y = 900 
-17<=h<=20, -15<=k<=16, -3 1<=I<=32 
29902 / 10209 [R(int) = 0.0232] 
7763 
Numeric analytical 
0.92237 and 0.89680 
Full-matrix least-squares on F2 
10209 / 18 / 452 
1.131 
RI = 0.0422, wR2 = 0.1133 
RI = 0.0604, wR2 = 0.1221 
0.782, -0.553 eA-3 
0.000 and 0.002 
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N(41) 
0(40) 
CR1) 
0(30) 
a 
Table 22 - Bond lengths [A] and angles ['] for 31/31 1. 
V-0 1.6022(14) C(9)-C(l 0) 1.397(2) 
V-N(I 7) 2.1153(11) C(9)-C(14) 1.403(2) 
V-N(8) 2.1170(11) C(i 0)-C(l 1) 1.385(2) 
V-N(I) 2.2340(12) C(I I)-C(I 2) 1.399(3) 
V-CI(3) 2.236(10) C(12)-C(13) 1.382(2) 
V-CI(2) 2.3798(4) C(I 3)-C(I 4) 1.3987(19) 
V-Cl(l) 2.3966(4) C(I 4)-N(I 5) 1.3818(18) 
N(l)-C(6) 1.3370(16) C(I 6)-N(I 7) 1.3329(19) 
N(l)-C(2) 1.3380(17) C(16)-N(24) 1.3477(17) 
C(2)-C(3) 1.3875(19) N(I 7)-C(I 8) 1.3887(18) 
C(2)-C(7) 1.4642(17) C(I 8)-C(I 9) 1.391(2) 
C(3)-C(4) 1.391(2) C(I 8)-C(23) 1.406(2) 
C(4)-C(5) 1.397(2) C(I 9)-C(20) 1.387(2) 
C(5)-C(6) 1.387(2) C(20)-C(2 1) 1.396(3) 
C(6)-C(I 6) 1.4624(19) C(2 I)-C(22) 1.379(3) 
C(7)-N(8) 1.3359(17) C(22)-C(23) 1.394(2) 
C(7)-N(I 5) 1.3489(17) C(23)-N(24) 1.380(2) 
N(8)-C(9) 1.3877(16) 
0-V-N(I 7) 106.50(6) N(8)-C(7)-C(2) 119.32(11) 
0-V-N(8) 108.36(6) N(I 5)-C(7)-C(2) 127.85(13) 
N(I 7)-V-N(8) 145.05(5) C(7)-N(8)-C(9) 105.37(11) 
0-V-N(I) 179.06(6) C(7)-N(8)-V 118.60(8) 
N(I 7)-V-N(I) 72.62(4) C(9)-N(8)-V 135.99(9) 
N(8)-V-N(I) 72.5l(4) N(8)-C(9)-C(l 0) 130.20(14) 
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O-V-CI(3) 5.8(2) N(8)-C(9)-C(I 4) 108.73(12) 
N(I 7)-V-CI(3) 110.0(2) C(lo)-C(9)-C(14) 121.03(13) 
N(8)-V-CI(3) 104.6(2) C(i 1)-C(l 0)-C(9) 116.70(15) 
N(l)-V-CI(3) 174.4(2) C(i 0)-C(I I)-C(I 2) 121.87(15) 
O-V-CI(2) 96.87(5) C(I 3)-C(I 2)-C(I 1) 122.23(14) 
N(I 7)-V-CI(2) 85.94(3) C(I 2)-C(I 3)-C(I 4) 116.01(15) 
N(8)-V-CI(2) 87.50(3) N(I 5)-C(I 4)-C(I 3) 131.61(14) 
N(l)-V-CI(2) 82.78(3) N(I 5)-C(I 4)-C(9) 106.26(11) 
CI(3)-V-CI(2) 92.4(2) C(I 3)-C(I 4)-C(9) 122.13(14) 
o-v-Cl(l) 95.83(5) C(7)-N(I 5)-C(I 4) 106.85(12) 
N(I 7)-V-CI(l) 90.33(3) N(I 7)-C(I 6)-N(24) 112.74(13) 
N(8)-V-CI(l) 88.63(3) N(I 7)-C(I 6)-C(6) 119.53(12) 
N(l)-V-CI(l) 84.51(3) N(24)-C(I 6)-C(6) 127.63(14) 
CI(3)-V-CI(l) 100.3(2) C(I 6)-N(I 7)-C(I 8) 105.47(12) 
CI(2)-V-CI(l) 167.290(18) C(I 6)-N(I 7)-V 118.34(9) 
C(6)-N(l)-C(2) 120.69(12) C(I 8)-N(I 7)-V 135.45(10) 
C(6)-N(l)-V 119.43(9) N(I 7)-C(I 8)-C(I 9) 130.67(14) 
C(2)-N(l)-V 119.70(9) N(I 7)-C(I 8)-C(23) 108.60(13) 
N(l)-C(2)-C(3) 121.75(12) C(I 9)-C(I 8)-C(23) 120.73(14) 
N(l)-C(2)-C(7) 109.85(11) C(20)-C(i g)-C(I 8) 117.18(17) 
C(3)-C(2)-C(7) 128.34(12) C(I 9)-C(20)-C(2 1) 121.46(18) 
C(2)-C(3)-C(4) 117.50(13) C(22)-C(2 I)-C(20) 122.28(16) 
C(3)-C(4)-C(5) 120.83(13) C(2 I)-C(22)-C(23) 116.31(17) 
C(6)-C(5)-C(4) 117.55(13) N(24)-C(23)-C(22) 131.84(16) 
N(l)-C(6)-C(5) 121.65(13) N(24)-C(23)-C(I 8) 106-13(12) 
N(l)-C(6)-C(I 6) 109.92(12) C(22)-C(23)-C(I 8) 122.02(16) 
C(5)-C(6)-C(I 6) 128.34(12) C(I 6)-N(24)-C(23) 107.06(13) 
N(8)-C(7)-N(I 5) 112.77(11) 
Symmetry transformations used to generate equivalent atoms: 
x+l, y+O, z+1/2 
A. 1.17 Crystal data and structure refinement for 32/32'. 
Identification code 32/329 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
C3oH35Cl2N9O3V 
691.51 
150(2) K 
MoKOC5 0.71073 
monoclinic, P21/n 
a= 14.1862(9) A 
b= 13.5072(8) A 
c= 16.9101(lo) A 
90' 
p= 93.935(2)0 
900 
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m 
Avvendices 
Cell volume 3232.6(3) A3 
Z 4 
Calculated density 1.421 g/CM3 
Absorption coefficient ýt 0.519 mm-1 
F(OOO) 1436 
Crystal colour and size green, 0.31 x 0.25 x 0.24 MM3 
Reflections for cell refinement 9504 (0 range 2.36 to 27.82') 
Data collection method Bruker SMART 1000 CCD diffractometer 
co rotation with narrow frames 
0 range for data collection 1.81 to 27.50' 
Index ranges h -18 to 18, k -17 to 17,1-21 to 21 
Completeness to 0= 26.00' 99.9% 
Intensity decay 0% 
Reflections collected 26941 
Independent reflections 7372 (Rint =0.0323) 
Reflections with F2 >2(y 5418 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.856 and 0.886 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.07715 5.6615 
Data / restraints / parameters 7372/0/410 
Final R indices [F 2 >2(y] RI = 0.0568, wR2 = 0.1516 
R indices (all data) RI = 0.0830, wR2 = 0.1753 
Goodness-of-fit on F2 1.077 
Largest and mean shift/su 0.001 and 0.000 
Largest diff. peak and hole 1.460 and -0.641 eA 
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C(30) 
N(9) ý:: 
C(2 C(28) C(29) 
0(3) CI(2A) C(24) 
CIO 
C(21) 
020) 
Table 23 - Bond lengths [A] and angles ['] for 32/321. 
V(I)-O(I) 1.860(3) V(I)-N(5) 2.065(3) 
V(I)-N(l) 2.079(3) V(I)-N(3) 2.086(3) 
V(I)-Cl(l) 2.3636(10) V(I)-N(7) 2.380(3) 
N(l)-C(7) 1.332(4) N(l)-C(l) 1.395(4) 
C(l)-C(2) 1.384(5) C(l)-C(6) 1.404(5) 
C(2)-C(3) 1.385(5) C(3)-C(4) 1.406(6) 
C(4)-C(5) 1.377(6) C(5)-C(6) 1.390(5) 
C(6)-N(2) 1.380(5) N(2)-C(7) 1.342(5) 
C(7)-C(8) 1.496(5) C(8)-N(7) 1.484(4) 
N(3)-C(I 5) 1.324(4) N(3)-C(9) 1.400(4) 
C(9)-C(l 0) 1.392(5) C(9)-C(14) 1.401(5) 
C(i 0)-C(l 1) 1.383(5) C(I I)-C(I 2) 1.395(6) 
C(I 2)-C(I 3) 1.373(6) C(I 3)-C(I 4) 1.402(5) 
C(14)-N(4) 1.386(4) N(4)-C(I 5) 1.333(4) 
C(I 5)-C(I 6) 1.485(5) C(I 6)-N(7) 1.492(4) 
N(5)-C(23) 1.328(4) N(5)-C(I 7) 1.392(4) 
C(I 7)-C(l 8) 1.395(5) C(I 7)-C(22) 1.401(5) 
C(I 8)-C(I 9) 1.384(5) C(I 9)-C(20) 1.394(6) 
C(20)-C(2 1) 1.386(6) C(2 I)-C(22) 1.390(5) 
C(22)-N(6) 1.387(5) N(6)-C(23) 1.337(5) 
C(23)-C(24) 1.502(5) C(24)-N(7) 1.485(5) 
0(2)-C(25) 1.224(5) C(25)-N(8) 1.308(6) 
N(8)-C(26) 1.446(4) N(8)-C(27) 1.458(5) 
0(3)-C(28) 1.296(6) C(28)-N(9) 1.342(6) 
N(9)-C(30) 1.446(6) N(9)-C(29) 1.457(7) 
0(l)-V(I)-N(5) 104.60(10) 0(i)-V(I)-N(l) 105.93(10) 
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N(5)-V(I)-N(l) 149.36(11) 
N(5)-V(I)-N(3) 85.44(11) 
0(i)-V(I)-Cl(l) 100.02(7) 
N(l)-V(I)-CI(l) 87.27(8) 
0(l)-V(I)-N(7) 174.39(10) 
N(l)-V(I)-N(7) 75.39(11) 
CI(l)-V(I)-N(7) 85.46(7) 
C(7)-N(l)-V(I) 117.8(2) 
C(2)-C(l)-N(l) 131.5(3) 
N(l)-C(l)-C(6) 108.0(3) 
C(2)-C(3)-C(4) 121.7(4) 
C(4)-C(5)-C(6) 117.0(4) 
N(2)-C(6)-C(l) 105.8(3) 
C(7)-N(2)-C(6) 108.1(3) 
N(l)-C(7)-C(8) 121.6(3) 
N(7)-C(8)-C(7) 108.6(3) 
C(I 5)-N(3)-V(I) 118.7(2) 
C(I 0)-C(9)-N(3) 130.9(3) 
N(3)-C(9)-C(14) 108.0(3) 
C(I 0)-C(I I)-C(I 2) 122.6(4) 
C(I 2)-C(I 3)-C(I 4) 116.3(4) 
N(4)-C(I 4)-C(I 3) 131.9(3) 
C(I 5)-N(4)-C(I 4) 107.2(3) 
N(3)-C(I 5)-C(I 6) 122.7(3) 
C(I 5)-C(I 6)-N(7) 111.3(3) 
C(23)-N(5)-V(I) 118.0(2) 
N(5)-C(I 7)-C(I 8) 130.4(3) 
C(I 8)-C(I 7)-C(22) 121.4(3) 
C(I 8)-C(I 9)-C(20) 121.7(4) 
C(20)-C(2 I)-C(22) 116.9(3) 
N(6)-C(22)-C(I 7) 105.8(3) 
C(23)-N(6)-C(22) 107.7(3) 
N(5)-C(23)-C(24) 121.0(3) 
N(7)-C(24)-C(23) 107.1(3) 
C(8)-N(7)-C(I 6) 111.3(3) 
C(8)-N(7)-V(I) 106.16(19) 
C(I 6)-N(7)-V(I) 109.37(19) 
C(25)-N(8)-C(26) 122.2(4) 
C(26)-N(8)-C(27) 118.5(3) 
C(28)-N(9)-C(30) 122.1(4) 
C(30)-N(9)-C(29) 123.5(4) 
Symmetry operations for equivalent atoms 
I -x+I -Y, -Z 
0(l)-V(I)-N(3) 98-05(10) 
N(l)-V(I)-N(3) 87.90(11) 
N(5)-V(I)-CI(l) 89.90(8) 
N(3)-V(I)-CI(l) 161.94(8) 
N(5)-V(I)-N(7) 73.98(10) 
N(3)-V(I)-N(7) 76.48(10) 
C(7)-N(l)-C(l) 106.3(3) 
C(l)-N(l)-V(I) 135.4(2) 
C(2)-C(l)-C(6) 120.4(3) 
C(l)-C(2)-C(3) 117.5(4) 
C(5)-C(4)-C(3) 121.1(4) 
N(2)-C(6)-C(5) 131.9(4) 
C(5)-C(6)-C(l) 122.2(4) 
N(l)-C(7)-N(2) 111.7(3) 
N(2)-C(7)-C(8) 126.4(3) 
C(I 5)-N(3)-C(9) 105.6(3) 
C(9)-N(3)-V(I) 135.3(2) 
C(I 0)-C(9)-C(I 4) 121.1(3) 
C(i I)-C(l 0)-C(9) 116.3(3) 
C(I 3)-C(I 2)-C(I 1) 121.7(4) 
N(4)-C(14)-C(9) 106.1(3) 
C(9)-C(I 4)-C(I 3) 121.9(3) 
N(3)-C(I 5)-N(4) 113.1(3) 
N(4)-C(I 5)-C(I 6) 123.9(3) 
C(23)-N(5)-C(I 7) 106.2(3) 
C(I 7)-N(5)-V(I) 135.3(2) 
N(5)-C(I 7)-C(22) 108.1(3) 
C(I 9)-C(I 8)-C(I 7) 116.7(3) 
C(2 I)-C(20)-C(I 9) 121.8(3) 
N(6)-C(22)-C(2 1) 132.8(3) 
C(2 I)-C(22)-C(I 7) 121.4(3) 
N(5)-C(23)-N(6) 112.2(3) 
N(6)-C(23)-C(24) 126.8(3) 
C(8)-N(7)-C(24) 113.1(3) 
C(24)-N(7)-C(I 6) 111.1(3) 
C(24)-N(7)-V(I) 105.50(19) 
0(2)-C(25)-N(8) 125.7(5) 
C(25)-N(8)-C(27) 119.3(3) 
0(3)-C(28)-N(9) 124.9(5) 
C(28)-N(9)-C(29) 114.3(4) 
Table 24 - Hydrogen bonds for 32/32' [A and ']. 
D-H ... A 
d(D-H) d(H A) d(D A) <(DHA) 
N(2)-H(2) ... 0(3) 0.88 
1.91 
N(4)-H(4) ... CI(2') 0.88 2.19 N(6)-H(6) ... CI(2) 
0.88 2.18 
2.717(5) 
3.052(3) 
3.049(3) 
151.5 
165.7 
168.6 
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A. 2 Appendix 2- 2D NMR Spectra for 6 
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Table 25 - NOE and exchanges processes at 223 K in 6. 
ROESY (300 ms spin lock) 
NOE Exchanges 
3 3'* a 1+-+2+-+a+-+b 
d 3 b 
d C* a 3'<--+c 
4 c I 3+--*c 
4 (X cl 2 d-+4 
4 3 C, a 
3 1 C, b 
3 2 
Weak NOE signal 
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A. 3 Appendix 3- 2D NMR Spectra for 8 
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Table 26 - NOE and exchanges processes at 203 K in 8 
ROESY (300 ms spin lock) 
NOE Exchanges 
1c 2 
3/4/5 
2/2' 3/4/5 2/2' 
a 3/4/5 y 
a 3/4/5 co 
a b/b' 3/4/5 6 
c Y/0) b' <-+ b 
c d 
A-4 Appendix 4- Variable Temperature NMR Line Fitting Procedure 
All recorded spectra were manipulated with Nuts - NMR Utility Transform Software 
(Shareware version; (0 Acorn NMR 1995-2005) and then imported into WfNDNMR v7.1.6 (C 
Reich, H J; 2002). Simulated spectra are calculated from 5 variables: 
VA --ý frequency of peak A (Hz) VB= frequency of peak B (Hz) 
JAB= coupling constant (Hz) 
kAB= rate of exchange (Hz) 
w= natural line width (Hz) 
Both JAB and w were determined from low temperature 'static' spectra and used for all other 
temperatures unless significant line broadening was used when manipulating the recorded 
spectra. Well below the coalescence temperature, 'VA and 'VB of the simulated spectra were 
assigned by the position of the peaks in the recorded spectra, with kABthen adjusted to give the 
best fit simulation. At and above the coalescence temperature the valuesOf VAandVBcannot be 
obtained from the recorded spectra. A graphOf 
(VA-VB) against temperature (K) using values 
below the coalescence temperature allows an extrapolation Of 
(VA-VB) at temperatures above 
coalescence. The values Of VAand kAB for the simulated spectra were then adjusted to fit the 
recorded spectra (with the value of vBadjusted to keep(VA-VB)constant for each temperature). 
The errors in kABare dependent on the value of kAB. Close to the coalescence temperature (i. e. 
when peaks are broad) the natural line width w does not significantly alter the shape of the 
simulated spectrum and errors are estimated at around 10 %. However, at very low or 
high 
-310- 
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values of kAB (i. e. at values were the peaks are narrow) any error in w significantly effects 
lineshape. Here, errors of 50-100 % are estimated. At temperatures where lineshape is almost 
entirely detennined by w the values of kABwere not included in calculating kinetic parameters. 
A. 5 Appendix 5- DFT modelling 
All geometry optimisations were performed by Dr. Stefan Spitmezzer using DMol3 Density 
Functional Theory (DFT) code 1-3 as implemented in the MaterialsStudioTM (version 3.1) 
program package of Accelrys Inc .4 DMoj3 utilises a basis set of numeric atomic functions, 
5 which are exact solutions to the Kohn-Sham equations for the atoms. These basis sets are 
generally more complete than a comparable set of linearly independent Gaussian functions and 
5 have been demonstrated to have small basis set superposition errors. In the present study the 
DND basis set (Double Numerical plus d-functions) was used, containing a polarisation d- 
function on all non-hydrogen atoms. All geometry optimisations employed highly efficient 
delocalised internal coordinates. 6 The use of delocalised coordinates significantly reduces the 
number of geometry optimisation iterations needed to optimise larger molecules compared to 
the use of traditional Cartesian coordinates. 
The generalised gradient approximation (GGA) functional by Becke and Perdew (BP) was used 
for all geometry optimisations. "' The convergence criteria for these optimisations consisted of 
threshold values of 2x 10-5 Ha, 0.004 HaA-1 and 0.005A for energy, gradient and displacement 
convergence, respectively, while a self consistent field (SCF) density convergence threshold 
value of IX 10-5 was specified. 
Self-consistent-field (SCF) convergence problems are frequently encountered for open shell 
organometallic systems. To enhance SCF convergence efficiency during optimisation of 
stationary points, a small electron thermal smearing value of 0.005 Ha was specified 
for all 
calculations unless explicitly stated to the contrary. The thermal smearing option 
in 
MaterialsStudio makes use of a fractional electron occupancy scheme at the Fermi level 
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according to a finite-temperature Fermi function. "'O The application of this technique was 
justified by the relatively similar energy differences and geometries obtained for reference 
calculations in which smearing and no smearing were used. 
For all V(111) complexes unrestricted triplet spin states were specified for all geometry 
optimisations. All V(IV) complexes were calculated with an unspecified spin state. 
A. 6 Appendix 6- Polymerisation 
Table 27-Effect of reactivator on ethylene polymerisation using 15/DMACa 
bC Reactivator Polymer Activity Mn' M M, /M,, w 
yield (g) (kg/mol) (kg/mol) 
Blank I 0.06 1,200 349 881 2.5 
ETA (a) 0.05 1,000 475 1,310 2.8 
ETAC (b) 3.35 66,000 321 894 2.8 
ETFAC (c) 0.05 1,000 475 1,310 2.8 
CH 3COCI (d) 0.21 4,200 530 1,500 2.8 
CH 3C(O)OCH(Ph)CC13 (e) 0.09 1,900 475 1,310 2.8 
PhSiC13 (f) 0.36 7,200 552 1,640 2.9 
N-Chlorosuccinimide (g) 0.07 1,400 430 983 2.3 
PhCC13 (h) traces n1a n1a 
Ph 3CCI (i) traces n1a n1a 
CH 3SO2CI 4.2 84,000 496 1,250 2.5 
CH 3SO2F (k) 0.06 1,300 533 1,190 2.2 
CH 3SO2Br (1) 0.18 3,600 437 970 2.2 
CC13SO2CI (M) 6.12 122,000 404 1,050 2.6 
CF3SO2Cl (n) 0.23 4,600 573 1,430 2 .5 
ToIS02CI (0) 3.05 64,800 475 1,310 2.8 
apolymerisations conditions: Fischer-Porter reacto r, pre-catalyst (50 nmol), DMAC (I mmol), 
ETAC (300 equiv. ), toluene (250 ml), 2 bar ethylene, 30 min., 60 
IC. b Activities in 
g/mmol. h. bar. cMolecular weights determined by HT-GPC- 
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Table 28-Effect of temperature on ethylene polymerisation using 15,21,31-33 and VC13(THF)31DMACa 
Precat. Temp. I 
C) 
Polymer 
yield (g) 
Activityu I No. 
Chains 
Mn C 
(kg/mol 
MW C 
(kg/mol 
M'/M" 
15 45 1.7 34,000 53 641 1,660 2.6 
15 60 2.58 51,600 144 359 1,090 3.0 
15 75 2.98 59,600 1 250 238 670 2.8 
15 
...................................................... ...... 
90 
.................................. ............ .. 
2.30 
...................... ............................. .... 
46,000 
................... ................ ........ 
277 
.... . 
166 400 2.4 
21 45 1 1.94 
..... 
38,800 
. . .......... ........................................ 
i 59 
............................................. 
661 
. ........... ............................. ... 
1,770 
......... ........... . ............. ......... 
2.7 
21 60 2.28 45,600 103 444 1,240 2.8 
21 75 2.76 55,100 231 238 640 2.7 
21 
..... . .. . 
90 
...... . 
1.97 
.... . .. ........ 
39,500 
.... .. ....... ........... .... ...... .. 
350 
................ . .................. .. . ............. 
113 
.... . .......... ..... . .. 
280 
....... .... 
2.5 
.................. ........ ................... . . .. . 31 ...... . ................. 45 ... .. . ................. 0.94 .. ........... .. .. 18,900 .. . ... . 29 .. ........ . . ....... 655 .................. 1,970 3.0 
31 60 1.00 20,000 48 416 1,320 3.2 
31 75 1.16 23,200 96 243 670 2.8 
31 90 1.63 32,600 
....................... . 
252 
.......... ...... ......................... ............ 
129 
...................................... ... .... 
317 
................................... . .......... 
2.5 
............................................... ........................... I .......................... ....... 32 ............................... ...... .. 45 1.10 .................... 
....... 22,000 ................... . 25 882 1,970 2.2 
32 60 0.90 18,000 29 615 1,350 2.2 
32 75 1.30 26,000 81 322 786 2.4 
32 90 1.45 
........ 
29,000 
................... ................................... 
145 
.................... ...................................... 
200 
...................................... . 
437 
............ ................. 
2.2 
........................ . .......... ........... ..... ....... ................. ........... ....................... 
33 
................................................. . 
45 
................................................. 
0.64 12,700 2,000 
33 60 1.10 22,000 39 561 1,410 2.5 
33 75 1.42 28,300 100 282, 835 3.0 
33 90 0.77 15,400 
. ............................ 
134 
............ ........................ ............ 
115 
........................................ 
363 
......................... I ...................... 
3.2 
............ . ....... . ........ .......... ..... .......................... ....... VC13(THF)3 ................................................. 45 .................................................. 0.59 .. . 11,700 2,000 
VC13(THF)3 60 0.93 18,500 2,000 
VC13(THF)3 75 0.72 14,360 2,000 
VC13(THF)3 90 0.66 13,200 2,000 
apolymerisations conditions: catalyst (50 Fischer-Porter reactor, pre nmol), DMAC (I mmol), 
ETAC 
(300 equiv. ), toluene (250 ml), 2 bar ethylene, 30 min. - 
b Activities in g/mmol. h. bar. 'Molecular weights 
determined by HT-GPC. 
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